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PROGRAM SUMMARY

This program covers approximately a decade of research into synthetic aperture

radar (SAR) remote sensing of the arctic regions. The main results of this research

are represented by the list of publications at the end of this summary, and the copies

of those publications attached as Appendices A-D. In this introduction we will

summarize the main research areas represented by those publications and give some

structure to them.

Four main areas were researched under this program: (1) Data Collections and

Data Generation; (2) Geophysical Parameter Estimation; (3) Sensor Intercomparisons;

(4) Algorithm Development.

Under the first area, the Marginal Ice Zone Experiment (MZEX) '87,

Coordinated Eastern Arctic Experiment (CEAREX) and Seasonal Ice Zone

Experiment (SIZEX) experiments were planned and executed and generation of SAR

image data was performed. Optically generated SAR data were combined to create

image mosaics that covered large spatial areas for all of the experiments, and these

were used to compare SAR data to large scale geophysical features. In addition, high

resolution digital data was generated to support most of the algorithm development

work and some of the geophysical parameter estimation work.

Under the second area, the connection between geophysical properties of the

arctic regions and the resulting SAX image data was analyzed to determine what

geophysical information could be extracted from SAR data and how to perform that

extraction. Variations of SAR backscatter during the evolution of sea ice, the effect

of mesoscale features (eddies and ice drift) on SAR data, SAR modulations due to

waves in the ice, and the effect of Odden events were addressed.

Under the third area, comparison between SAX and real aperture radar (RAR)

were performed to understand how the SAR data changes with radar cross section
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variation, and comparisons between SAR and satellite based sensors (SSMII, KRMS, 3
Altimeter) were generated to check to satellite algorithms.

Under the fourth area, analysis of how to utilize SAR data to automatically 3
extract geophysical information was performed. This concentrated on ice type;

analyzing what features could be used to optimally segment SAR data into different 3
ice classes and how to utilize those features. However some work was performed on

automatically extracting polynya information directly. 3
Following the introduction is a bibliography listing the publications that contain

the results mentioned above. It is divided into six main areas; the first being I
overviews of the programs,the second being experiment reports, and the remaining

four covering the technical areas listed above. In each area the publications are 3
numbered with journal articles first, then presentations at various International

Geoscience and Remote Sensing Symposium (IGARSS). IGARSS is the premier 3
conference for describing these results.

I
I
I
I
I

I
2

I
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Overview Publications

Journal Articles

[1] MIZEX Group, "MIZEX 83-84: The Summer Marginal Ice Zone Program in

the Fram Strait/Greenland Sea," Eos, Vol. 67, No. 23, pp. 513-517,

June 10, 1986.

[2] MIZEX '87 Group, "MIZEX East 1987, Winter Marginal Ice Zone Program

in the Fram Strait and Greenland Sea," Eos, Vol. 70, No. 17, pp 544,548-49,

554-55, April 25, 1989.

IGARSS Presentations

[3] MIZEX Remote Sensing Group, "Remote Sensing of the Marginal Ice Zone

During Mizex '83, IGARSS '84 Symposium, Strasbourg 27-30 August 1984.

Others

[4] Shuchman, R.A., "The Use of Synthetic Aperture Radar to Map the Polar

Oceans," proceedings of Ocean '90, Washington, D.C., September 24-26,

1990.

[1]riZEXt 1987r

[1] MIZEX 1987 SAR DATA SUMMARY, ERIM Report 154600-34-T
[2] CEAREX SAR DATA SUMMARY, ERIK Report 154600)-62-T

Journal Articles

[1] Onstott, R.G., et al, "Evolution of Microwave Sea Ice Signatures During

Early Summer and Midsummer in the Marginal Ice Zone," JGR, Vol. 92, No.

C7, pp. 6825-6835, June 30, 1987.

[2] Johannessen, J.A., et al, "Mesoscale Eddies in the Fram Strait Marginal Ice

Zone During the 1983 and 1984 Marginal Ice Zone Experiments," JGR, Vol.

92, No. C7, June 30, 1987.

3
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[3] Campbell, W.J., et al, "Variations of Mesoscale and Large-Scale Sea Ice

Morphology in the 1984 Marginal Ice Zone Experiment as Observed by

Microwave Remote Sensing," JGR Vol. 92, No. C7, pp. 6805-6824, June 30, 1
1987.

[4] Manley, T.O., et al, "Use of Synthetic Aperture Radar-Derived Kinematics in 3
Mapping Mesoscale Ocean Structure Within the Interior Marginal Ice Zone,"

JGR Vol. 92, No. C7, pp. 6837-6842, June 30, 1987. 3
[5] Shuchman, R.A., et al, "Surface Expressions of Eddies Within the Ice Pack,"

Int. J. Remote Sensing, Vol. II, No. 1, 3-4, 1990. 3
[6] Johannessen, O.M., et al, "Ice-Edge Eddies in the Fram Strait Marginal Ice

Zone," Science, Vol. 236, pp. 427-429, April 24, 1987. 3
[7] Shuchman, R.A., et al, "Remote Sensing of the Fram Strait Marginal Ice

Zone," Science, Vol. 236, pp. 429-431, April 24, 1987. 3
IGARSS Presentations

[8] Onstott, R.G., and R.W. Larson, "Microwave Properties of Sea Ice in the I
Marginal Ice Zone," presented at IGARSS, Zurich Switzerland, 8-11

September 1986. 1
[9] Shuchman, R.A., et al, "Geophysics of the Marginal Ice Zone from SAR,"

presented at IGARSS, Zurich Switzerland, 8-11 September 1986. 3
[10] Onstott, R.G., et al, "Evolution of Microwave Sea Ice Signatures During

Early and Mid Summer in the Marginal Ice Zone," presented at IGARSS, Ann

Arbor, Michigan, 18-21 May 1987.

[11] Onstott, R.G., "Theoretical and Experimental Study of the Radar Backbcatter

of Arctic Sea Ice," presented at IGARSS, Ann Arbor, Michigan, 18-21 May I
1987.

[12] Lyden, J.D., et al, "SAR Imaging of Ocean Waves in the Marginal Ice Zone," 3
presented at IGARSS, Edinburgh, UK, 12-16 September 1988.

I
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[13] Shuchman, R.A., et al, "Geophysical Information on the Winter Marginal Ice

Zone Obtained from SAR," presented at IGARSS, Edinburgh, UK, 12-16

September 1988.

[14] Onstott, R.G., and R.A. Shuchman, "Radar Backscatter of Sea Ice During

Winter," presented at IGARSS, Edinburgh UK, 12-16 September 1988.

[15] Onstott, R.G., et al, "Active Microwave Measurements of Artificial Sea Ice,w

presented at IGARSS, Edinburgh, UK, 12-16 September 1988.

[16] Sutherland, L.L., and R.A. Shuchman, "SAR and Passive Microwave

Observations of the Odden During MIZEX '87," presented at IGARSS,

Vancouver, Canada, 10-14 July 1989.

[17] Onstott, R.G., S.H. Gaboury, "Polarimetric Radar Measurements of Artificial

Sea Ice," presented at IGARSS, Vancouver, Canada, 10-14 July 1989.

[18] Onstott, R.G., "Active Microwave Classification of Sea Ice," presented at

IGARSS, Vancouver, Canada, 10-14 July 1989.

[19] Shuchman, R.A., et al, "Geophysical Information on the Winter Marginal Ice

Zone Obtained from CEAREX SAR Data," presented at IGARSS, College

Park, Maryland, 20-24 May 1990.

[20] Onstott, R.G., "Polarimetric Radar Measurements of Arctic Sea Ice During the

Coordinated Eastern Arctic Experiment, presented at IGARSS, College Park,

Maryland, 20-24 May 1990.

[21] Onstott, R.G., "-MZEX '84 Multifrequency Helicopter-Borne Altimeter

Observations of Summer Marginal Sea Ice," presented at IGARSS, College

Park Maryland, 20-24 May 1990.

[22] Onstott, R.G., "Near Surface Measurements of Arctic Sea Ice During the Fall

Freeze-Up," presented at IGARSS, College Park, Maryland, 20-24 May 1990.

5
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[23] Shuchman, R.A., et al, "Multi-Frequency SAR, SSM/I and AVHRR Derived

Geophysical Information of the Marginal Ice Zone," presented at IGARSS,

Others Espoo, Finland, 3-6 June 1991. I

[24] Lyden, J.D., et al, "Synthetic Aperture Radar Imagery of Ocean Waves in Sea I

Ice," presented at Symposium on Remote Sensing of Environment, Fort Worth

Texas, December 6-10, 1982. 1
Sensor Intercomaionsm

Journal Articles 3
[1] Burns, B.A., et al, "Multisensor Comparison of Ice Concentration Estimates in

the Marginal Ice Zone," Journal of Geophysical Research, Vol. 92, No. C7,

pp. 6843-6856, June 30, 1987.

IGARSS PresntationsI

[2] Onstott, R.G., "An Inter-Sensor Comparison of the Microwave Signatures of

Arctic Sea Ice," presented at IGARSS, Zurich, Switzerland, 8-11 September

1986.

[3] Burns, B.A., et al, "Active/Passive Microwave Sensor Comparison of MaZ Ice I
Concentration Estimates," presented at IGARSS, Zurich, Switzerland, 8-11

September 1986. 3
[4] Shuchman, R.A., et al, "Intercomparison of Synthetic- and Real-Aperture

Observations of Arctic Sea Ice During Winter MIZEX '87," presented at I

IGARSS, Edinburgh, UK, 12-16 September 1988.

[5] Onstott, R.G., et al, "Comparison of SAR and Scatterometer Data Collected

During CEAREX," presented at IGARSS, College Park, Maryland, 20-24

May 1990.

I
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[6] Jentz, R.R., et al, "NASA, Navy and AES/YORK Sea Ice Concentration

Conparison of S3M/I Algorithms and SAR Derived Values," presented at

IGARSS, Espoo Finland 3-6, June 1991.

Algorithm lDevlm•nDKt

Journal Articles

[1] Burns, B.A., and D.R. Lyzenga, "Textural Analysis as a SAX Classification

Tool," Electromagnetics, Vol. 4, pp. 309-322, 1984

[2] Holmes, Q.A., et al, "Textural Analysis and Real-Time Classification of Sea-

Ice Types Using SAR Data," IEEE Vol. GE-22, No. 2, March 1984.

[3] Lyden, J.D., et al, "Characterization of Sea Ice Types Using Synthetic

Aperture Radar," IEEE Vol, GE-22, No. 5, September '984.

[4] Lyden, J.D., and R.A. Shuchman, "A Tigital Technique to Estimate Polynya

ICharacteristics from Synthetic Aperture Radar Sea-Ice Data," Journal of

Glaciology, Vol. 33, No. 114, pp. 243-246, 1987.

[5] Maffett, A.L., and C.C. Wackerman, "The Modified Beta Density Function as

a Model for Synthetic Aperture Radar Clutter Statistics," IEEE Vol, 29, No.

2, March 1991.

IGARSS Presentations

[6] Bums, B.A., et al, "SAR Measurement of Sea Ice Properties During MIZEX

'83," presented at IGARSS, Strausberg, France, 27-30 August 1984, pp. 347-

351, 1984.

[7] Cavalieri, D.J., et al, "Investigation of Multi-Dimensional Algorithms Using

Active and Passive Microwave Data for Ice Concentration Determination,"

presented at IGARSS, Ann Arbor, Michigan, 18-21 May 1987.

[81 Shuchman, R.A., et al, "Progress on Digital Algorithms for Deriving Sea Ice

Parameters from SAR Data," presented at IGARSS, Ann Arbor, Michigan, 18-

21 May 1987.
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[9] Wackerman, C.C., et al, "Sea Ice Type Classification of SAR Imagery," 3
presented at IGARSS, Edinburgh, UK, 12-16 September 1988.

[10] Shuchman, R.A., et al, "The Discrimination of Sea Ice Types Using SAR

Backscatter Statistics," presented at IGARSS, Vancouver, Canada, 10-14 July

1989. 3
[11] Wackerman, C.C., "Calculation of the Spatial Distribution of Scatterers in a

Diffuse Scene from SAR Data," presented at IGARSS, Vancouver, Canada, 3
1-14 July 1989.

[12] Wackerman, C.C., and A.L. Maffett, "Ice Classification from SAR Images

Using the Modified Beta Density Function," presented at IGARSS, College

Park, Maryland, 20-24 May 1990. 3
Others

[13] Burns, B.A., et al, "Extraction of Texture Information from SAR Data:

Application to Ice and Geological Mapping," presented at International

Symposium on Remote Sensing of Environment, Fort Worth, Texas,

December 6-10, 1982.

[14] Burns, B.A., et al, "Computer-Assisted Techniques for Geophysical Analysis I
of SAR Sea-Ice Imagery," presented at 19th International Symposium on

Remote Sensing of Environment, Ann Arbor, Michigan, October 21-25, 1985. 1
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Eos. Vol. 67. no. 23. Pages 513-517 June 10. 1986

X ~integrating the resources and expertise of I IMIZEX East 83/84: n MIZEX 84 operations utilized seven ships.The Su m er arg naleight remote-sensing and meteorological air-
craft, and four helicopters to support a multi-

disciplinary team of over 200 scientists andtechnicians. Scientists, equipment an~d sup-Ice Z ne Pr gramport came from Canada, Denmark. the Fed-
eral Republic of Germany. Finland. France.
Ireland, Norway. Sweden. Switzerland. thein t e F r m S t a it/United Kingdom, and the United States. Pre-
liminary reports from the individual projects

included in the 1984 experiment are pub-
lished in "MIZEX Bulletin V" Uohannessen
and Horn. 19841. All MIZEX data are being
placed in the National Snow and Ice DataCenter (NSIDC) in Boulder. Colo. (tele-

phone: 303-492-5171). An index of M IZEX
MIZEX Group' holdings is available, on line, on the OMNET

Telemail MIZEX bulletin board.
Introduction large interior Arctic ocean studies [Pritchard,

1980]. to the study of open ocean bounderie! IceI of sea ice fields.
A marginal ice zone (MIZ) occurs where Ice Conditions During MIZEX 84

polar and temperate climate systems interact
and result in an edge of pack ice cover. As a The MIZ generally consisted of three re-
geophysical boundary zone the MIZ is unique Experiment gions:
in the complexity of the vertical and horizon-
tal air-sea-ice energy interactions that take S an inner zone of larger first-year and
place there. In response to these, the ice edge The overall objective of the Marginal Ice multiyear floes.
moves hundred of kilometers north and Zone Experiment (MIZEX) is to gain a better 0 a transition zone of uniformly broken
south on a seasonal cycle. Successful model- understanding of the mesoscale physical and smaller floes, and
ing and prediction of variations in ice edge biological processes by which ice, ocean and 0 a complex region of brash (masses of
position and ice concentration would be of atmosphere interact in the region of the ice fragments) and tiny floes near the extreme
great value in furthering man's activities in edge Uohannessen it at., 1983b]. Summer field edge.
the region in areas such as offshore Artic oil experiments began in June and July 1983 on Multiyear floes in the inner region. near the
exploration. seaborne transport of Arctic re- 'a limited scale. The full-scale field expert- research vessel Poiarqueen (see Figure 1). were
sorces, further development of the rich fish- ment was conducted in May-July 1984. The typically a few hundred meters across and 2-
eries close to the ice margins and for naval Fram Strait region, between Svalbard and 5 m thick. First-year floes were much smaller
operations. Futhermore, if the physical pro- Greenland. w.as chosen for MIZEX (Figure and tended to be broken between the heavier
cesses which occur on the mesoscale in the I). This area is crucial for the study of energy floes. During June and early July. leads in
MIZ can be parameterized and included in interactions across the ice margin because the inner zone were choked with pieces of
large-scale models, these results will be of most of the heat and water exchange between thinner ice, and most of the solar energy ab-
great value for climate studies of the North- the Arctic Ocean and the rest of the world is sorbed in these leads went into the preferen-
ern Hemisphere. In recent years, with real- through this strait. MIZEX 84 was the largest tial melting of first-year ice. Only during the
ization of the significance of these interac- coordinated, international Arctic research last 10-15 days of the drift did the heavier
tions in the MIZ, attention has shifted from program conducted in the marginal ice zone, floes begin to experience rapid bottom melt-

ing and lateral decay as the pack diverged
and warmer water was encountered.

10. M. Johannessen (Geophysical Institute/ tute/NORSC). E. G. Josberger (U.S. Geologi- The transition zone (5-15 km in width) was
Nansen Ocean and Remote Sensing Center cal Survey/University of Puget Sound), N. characterized by fairly uniform floe sizes that
(NORSC). University of Bergen. Bergen. Lannelongue (Centre National Etudes Spa- decreased as the edge was approached, pre-
Norway). D. A. Horn (MIZEX Project Office, tiales, Toulouse. France). T. A. Manley (La. sumably in response to wave propagation
Office of Naval Research/Massachusetts Insti- mont-Doherty Geological Observatory, Pali- from the open water. Ice concentration wasIute of Technology, Arlington. Va.). E. Aug- sades, N.Y.), G. A. Maykut (Atmospheric Sci- relatively high (70-90%). showing only a
stein (Alfred Wegener Institute for Polar Re- ences Department, University of slight tendency to decrease with floe size.
search, Bremerhaven, Federal Republic of Washington), M. McPhee (McPhee Research Leads between the floes were usually free of
Germany), A. B. Baggeroer (Ocean Engineer- Inc., Yakima, Wash.), J. Morison (PSC, Uni- brash, indicating that solar energy absorbed
ing Department, Massachusetts Institute of versity of Washington), R. D. Muench (SAIC, in the water played a significant role in the
Technology, Cambridge, Mass.). B. A. Burns Inc., Bellevue. Wash.). T. Olaussen (Geophys- decay of these floes. In the outer part of the
(Environmental Research Institute of Michi- ical Institute/NORSC), R. G. Onstott (Envi- zone, the effects of local wave action and
gan. University of Michigan, Ann Arbor), W. ronmental Research Institute of Michigan). S. warmer surface water on lateral erosion were
J. Campbell (U.S. Geological Survey/Universi- Sandven (Geophysical InstituteINORSC), R. clearly evident, with as much as 10-20%c of
ty of Puget Sound, Tacoma, Wash.)t K.L. A. Shuchman (Environmental Research Ihtie the noe area underwater.
Davidson (Meteorology Department, W , K.tL. A. Michman S. L. Smith (Brookhaven The nature of the ice at the extreme edge
USNPGS, Monterey, Calif.), G. L. Duckworth National Laboratories, Upton. N.Y.), W. 0. was highly variable. Periods of on-ice winds
(Earth, Atmospheric, and Planetary Science Smith (Graduate Program in Ecology, Uni- were characterized by relatively high ice con-
Department, Massachusetts Institute of Tech- versity of Tennessee, Knoxville), V. A. Squire centration (0.80-0.85), a well-defined ice
nology). 1. Dyer (Ocean Engineering Depart- (Scott Polar Research Institute (SPRI), Cam- edge consisting of a compact 2-3-km-wide
ment. Massachusetts Institute of Technology), bridge, United Kingdom). E. Svendsen (Geo- band of brash and small (<40 m) floes, and a
B. A. Farrelly (Geophysical Institute, Univer- physical institutelNORSC), G. Symonds (Bed- 10-15-km-wide zone of larger wave-broken
sity of Bergen), T. Grenfell (Atmospheric Sci- ford Institute of Oceanography, Dartmouth, floes. Periods of off-ice winds were character-
ences Department. University of Washington, Nova Scotia), W. B. Tucker (U.S. Army Cold ized by divergence of the ice. with average
Seattle), A. Heiberg (Polar Science Center Regions Research and Engineering Labora- concentration lowered to -0.55. enhanced
(PSC), University of Washington). W. D. tory), J. C. Van Leer (Rosenstiel School of melting through increased solar input to the
Hibler Ill (U.S. Army Cold Regions Research Marine and Atmospheric Sciences. University ocean and advection of the ice over warmer
and Engineering Laboratory, Hanover, of Miami, Miami. Fla.), and P. Wadhams water, and a diffuse ice edge with bands of
NH.), J. A. Johannessen (Geophysical Insti- (SPRI). open water and small floes observed as far as
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ICE EDG :E 1... - cal convection. Melting can cause cold fresh.

SOE '*OUE. 5E. 7>water to cap off the warm salty water, but a.. ((. DRIFT lot of melting is required to do this. If the ice
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temporal variations of vertical salt and heat

L-P6E SCALE J AO"AP 0 "AR ' uxes at the ice margin show that the ice ad-

PESOSC.LE. ICE EDGE AND + vance and retreat is substantiallh complicate~
CI +DD , +AO +PAE bv the local ice dynamics, such as ice-ocean

+ CURRENT ,,PETER MOIG 740, eddies and boundary laver processes.
,C A.....EC le a rly . u se o f d e ta ile d sa te llite im a g e r y in

Ulf; As o. .AI--conjunction with modeling experiments and
n: mcuu s .u .s I smuman - . -.- "oceanographic measurements from drifting

ctuMT10 110"AImNMfs - buoys can help clarify the role of these pro-
FRID M MU, STUS cesses in ice edge advance and retreat. Howl

ever. it also appears necessary to carrv out

Oow 10'E more detailed shipboard investigations (of an
advancing ice edge. While such studies haveE
been carried out for a decaying ice edge in

Fig. I. MIZEX 84 Program overview, the MIZEX experiment, the% have not vet
been done on an advancing ice edge. Such a
stud% is planned for the Winter MIZEX.

45 km into the pack. No doubt it will be pos- as the ice edge became more compact, the ar- Meteorology I
sible to relate this geometry to the wind and ray flattened along an axis normal to the ice

current fields. edge and stretched along an axis parallel to Temporal and spatial properites of the at-

Multiyear ice was far more abundant than the ice edge. As wave action destroyed the mosphere were measured extensively in both
first-year ice in the MIZ, with about 75% of edge floes, the array moved closer to the ex- MIZEX 83 and MIZEX 84. During the svn-
the floes selected for detailed study being treme edge. optic meteorology program (see Figure 1).
multiyear. Roughly 25% of the ice sampled In the second minidrift, the array experi- high-resolution descriptions were obtained
was granular rather than columnar, the ma- enced a strong ice edge jet and became de- from the surface to the top of the boundary
jority of the granular ice being located on the formed in the same sense as minidrift 1. Both laver over spatial separations up to 200 km.
bottom of old ridges and between block of these minidrifts began north of 80* and at For this 5-day period during MIZEX 84. ra-

voids. Snow cover in the region appeared to 1°-3E. Minidrift 3. however, was set up on winsondes were launched from four ships e

be substantially greater than in the Central the south side of the ice tongue associated erv 3 hours, and a tethersonde was launched

Arctic, with multiyear floes having snow with the Molloy Deep eddy, at 79010'N, from a fifth ship. Continuous surface laver

depths that were 3-4 times as large as first- O0°@00W. The array initially rotated anticy- measurements were made from all ships. U
year floes. As a result, the melt progression at clonically at 1.4 rad/d before moving close to During this same period, aircraft flights wer

the upper surface of multiyear floes in the the ice edge and becoming. flattened. made with in situ and remote sensors to mea-

MIZ lags that in the central arctic by several The wave program. from 80 stations in the sure atmospheric properties.
weeks. Because of the higher albedo, short- MIZ, involved directional wave spectra mea-
wave radiation absorbed at the surface played surements outside the ice edge (using a pitch- 5.5
a much smaller role in the decay of multiyear roll buoy) with similar measurements on floes
floes in the MIZ than in the central arctic. inside the edge (using an accelerometer-tilt- 5.07
For example. over 70% of the thinning of the meter-compass sensor package). The first im- 4.5-
floe adjacent to Polarqueen was the result of portant result was that the directional spec-
heat input from the water. Whereas surface trum becomes isotropic within a few kilome- 4.0.
melt rates increased slowly with time, bottom ters of the ice edge, with scattered wave
melting tended to be more episodic and was vectors reducing its directional spread. The g . : 351.0
related to advection and changes in ice con- actual decay of energy with distance, howev- - 3.0-
centration. Warm water incursions produced er, does fit a simple one-dimensional scatter- Z CM

markedly greater effects on ice near the edge ing model. The second important result was 2.5 0
than in the interior. During one such event that significant reflection (35-13%) of wave 2.0 ' -0.1
(July 6-9), maximum melt rates near the energy occurs from the front of the ice edge, 0.1

edge were an order of magnitude larger than when Long-Hasselmann analysis is used. 1.5 • 0
those at the drifting ship, some 30-40 km 1.00.01

further into the pack. In the absence of warm Modeling 1 ! ---- ,ut 0.001
water incursions, horizontal gradients in melt 0.5- 1---opt. Oct.. •0.0001

rates are much smaller. One of the main goals of MIZEX is to de- 0.0-,
termine the essential physics of the ice edge 0 20 40 60 80 100

Ice Dynamics and Ice Interaction advance and retreat. Analysis of model simu-
lations are relevant to this goal and can help % ICE CONCENTRATION

The motion and deformation of ice in the answer the basic question, what determines Fig. 2. Summary of 30-min drag coef-
region near the margin were measured dur- the position of the ice edge? While a fully ficient CoN or roughness length as a func-
ing three "minidrift" experiments (see Figure coupled atmophere-ice-ocean model generally tion of upwind ice concentration. The 0%
I). in which arrays of radar transponders, in- is needed to model the ice edge, much can be ice concentration values were obtained
cluding telemetering wave buoys and current learned by analyzing ice-ocean simulations. In when the ship was near or within the MIZ
meters at 10 m depth, were tracked from order to examine the sensitivity of the ice but no ice was observed upwind. The
ships over a 3-4 day period. Smaller radio/ra- edge to ice dynamics and ocean circulation, group labeled "ice visible" were recorded
dar buoys were deployed on the floes at the W. D. Hibler Ill and K. Bryan (unpublished when ice was visible but not upwind from
extreme edge to study anomalous motions in manuscript, 1986) have carried out and ana- the ship. "Open ocean" points were re-
that zone. During the tracking of the arrays, lyzed a large-scale ice-ocean numerical simu- corded when no ice was visible from the
the ice morphology was monitored with heli- lation that included the Greenland and Nor- ship. Both groups correspond to 0.0% ice
copter aerial photography and various air- wegian seas. Overall, the ice edge position in concentration but are displaced from eac
craft overflights. During the first minidrift, this model is largely determined by a compe- other for clarity.
the wind changed from off-ice to on-ice, and tition between ice advection from the north _



MIZ. Scseral factors are important in amo-

ERIM/CCRS CV-580 SAR spherwc forcing in the ,icinitv of the MIZ. A

L-BAND (HH) transition of wind stress occurs from pa(k ice
to of can because of large variations in surface

MOSAIC roughness and temperature. The focus of
these results is the influence of surtace
roughness. Polarblornc was otten moving so

-1" that wind stress measurements based on wind
profile or eddy correlation methods were not
possible. However. the turbulent kinetic ener-
gs dissipation method has been shown to be

S- successful at estimating wind stress on an un-

"".4 4*-- stable platform such as a moving ship

[Srhachrr rt al.. 198 11. By using this method.
the wind stress was estimated over a 6-week
perio under various atmosphenc. ice. andOcean conditions in sev.eral different regions

Sof the NIIZ. Wind stresses derived from dissi-
, pation measurements showed variations larg-
er than one order of magnitude. These %aria-

to• tions were due to changes in wind speed andSthe 10-m drag coefficient CON (roughness).
Estimates of CDN, saried over a wide range.

5 July 1984 from 0.5 x 10-3 to 5.5 x 10-3. However. the
1400-- 1700 GMT •. largest variations were generalls found to be
140 G T associated with ice conditions. CON was higher

than typical open ocean values [Large and
Pond. 19811 when ice was nearby but not visi-

ble upwind. In regions of less than 70% ice
concentration. CON showed a marked in-
crease to an average value of 4.0 x 10-3.

Data from several periods characterize this
influence of various observed surface fea-
tures on the wind stress. These features in-
clude the ice roughness. ice floe sizes, and
floe freeboard, as well as concentration. This
was possible because Polarblorn's tracks were

t ,in and out of the MIZ. Results from one peri-
od particularly illustrate how changing ice
concentrations affect the relative value of CON
when other parameters. such as wind speed.

. stability, floe size, and floe surface roughness
remained nearly constant (Figure 2). At the
beginning of the period. Polarblorn was locat-
ed in the open ocean within 100 in of the ice
edge. Although there was no ice upwind.

drag coefficients were higher than typical
open ocean values. This may due to the re-
flection of waves off the distinct edge causing

II greater sea surface roughness. Later in the
period. Polarbjorn encountered a wide vanetv

""-4- .__. .--,.,, of ice concentrations. The estimated drag co-
efficient values were as high as 5.0 x I0- in
regions of concentrated ice. The extremely

Fig. 3. SAR L band (23.5 cml mosaic for July 5. 1984. Resolution of the data is 3 x 3 m. rough nature of the surface, documented
Note the eddy that is clearly visible in the center of the image. photographically, explained the high value of

CON.
P. S. Guest and K. L. Davidson (unpub-

The weather in the summer East Green- tuations are 2"-5". with the maximums and lished manuscript. 1986) obtained qualitative
laind Sea MIZ is characterized by light winds minimims rarely departing more than 5* relationships between ice floe features and
and long periods of stratus and fog. with oc- from 0. CON by comparing ice photographs with esti-
casional passage of a slowls moving occluded Satellite coverage showed that only very mated neutral drag coefficients. An ice fea-
csclone that brings moderately strong winds. rarely were cloud structures seen to be direct- ture characterization was made by categoriz-
rhe winds rarely exceed 15 m/s and are ly related to the MIZ. The most common of ing the ice flows into three types. In general.

more tvpicalh, 5 m/s. with no strongly pre- these were the off-ice cloud streets that are dissipation-derived neutral drag coefficient
ferred direction. Winds Irom the south are a seen quite often in the winter but only occa- values in areas of high ice concentration usu-
little warmer and more moist and are often sionalhv in the summer. The only obvious dif- ally were found to be higher than those in
accompanied by fog or low stratus. The terences seen between the conditions ob- previously reported sea ice studies, as sum-
boundars laver depth ranges from 1(0) to served from the ice and open ocean ships marized by Overland [19851. This is not unex-

0010 m. with a typical value of about 500 m were in the wind speed (a little higher in the pected, since the surface conditions of the
or less: surface-based inversions are common open ocean) and in the temperatures (less di- East Greenland Sea/Fram Strait MIZ is
and can exceed 10*C in strength. With such urnal cscle and warmer in the open ocean). rougher, at least visually, than other polar ice
stable conditions, there is often a strong turn- Results from surface wind stress measure- regions where wind stress has been mea-

ing of the wind with height to the point that mnents made during %4IZEX 83 from the ship sured.
the winds aloft are nearly decoupled from Polarblorn were chosen to be presented here
those of the surface. Precipitation, when it oc. because atmospheric forcing is a primary con-
curs. is usualls very light and often near the cern in oceanography, ice dynamics, bound-
freezing point. The diurnal temperature fluc- ars laver meteorology. and acoustics in theI



Oceanography .,,.

Ice-Ocean Eddies -

During the summers of 1983 and 1984. ex-
tensive ice-ocean eddy investigations were
carried out by ship and helicopter, including , Z
Eulerian and Lagragian measurements in 1'
combination with remote sensing observa-
tions. In 1983 the eddy study focused on the
60-km cvclonic ice-ocean eddy that is fre- a. to
quently located over the Molloy Deep, a C.o

5300-in depression centered at 70*10'N. YE 21

(see cover) Uohannessen et al., 19841. Using the 2.50
conservation of potential vorticity relation.
Smith et al. [19841 suggested that this eddy
was topographically generated and trapped. "
They further demonstrated the generation of
a trapped eddy with a numerical model bv -wr

using a two-layer flow over such a depression.
During MIZEX 84. the eddy studies were

widened to include transient eddy features
north and south of the Molloy Deep (see Fig-""' .4, ,
ure I). Real-time analysis of extensive passive
and active remote sensing observations from I
aircraft and satellites were used to di;- the -, 1,
ships into the eddy hield south of the Molloy4
Deep. Photographic and synthetic aperture
radar (SAR) images revealed surface signa- 40 s .e0
tures of cyclonic ice-ocean eddies with scales DIST tKM):
of 20-40-km and with ice convergance in the SECT ION: TEMPERATURE (DEG. CEL.)

TIME: JUL.12:4331 - JUL. 13: 1345 4g91
eddy center (see Figure 3). Vertical conduc- POS: 78.85N 2.466W - 18.858N 2.580E
tivity-temperature-depth (CTD) sections (Fig- KB 2 19-237 2-SOOM
ure 4) indicated that the eddies extended to Fig. 4. An ice-ocean eddy obserevd by scientist Einar Svendsen from Kvitbori. The ice
and current meters measured orbital speeds edge is at station 219. The eddy is clearly seen between stations 225 and 232. This section
of the eddieseas 30-50 cm/s. Horizontal speed was planned with real-time feedback from the remote-sensing team.

of sound changes are estimated to be about
15 m/s. In studies of the MIZEX 84 eddy summer conditions [Johannessen et al., 19851. ice edge both increases contact between ice
data, there are indications that the smaller On the assumption that the bottom ablation is and warm water and enhances insulation in
eddies located south of 79*N might be spun 10-20 cm/d (as reported by Josberger [19841), the vicinity of ice floes by lowering albedo.
off from the Molloy Deep region. Therefore the warm (3°C) Atlantic water associated with The combined effect probably enhances over-
this complex topographic region may be an eddy motion. advected 10-20 km under the all ice melting. In winter, similar divergence
important area for generation of the smaller ice, can melt 1.5-m-thick ice in 10 days. presumably cools sea water over a much I
(20-40-km) transient eddies in addition to Then, on the assumption that the mean dis- broader area and increases overall ice pro-
the large (50-100-km) stationary eddy. tance between eddies along the ice edge is 50 duction.

From consecutive remote sensing images, kin. the ice edge will retreat 0.4 km/d. In the
eddy propagation is estimated to be of the or- absence of these eddies the retreat due to the Internal Waves
der of 10-15 km/d in a southward direction, bottom ablation is reduced by a factor of 10. l
while the observed track of an Argos drifting However. the ice may not necessarily remain During MIZEX 83. a 10-day period of inter-

buoy apparently trapped in an eddy suggests trapped in the eddy until completely melted. nal wave studies were carried out with therm-
that the life time was more than 20 days. One Thus the eddy may tend to act more as a pre- istor chains located in a triangle 500 m aro
eddv feature north of the Molloy Deep was conditioner to ice melt and retreat by produc- and 10 km into the ice field from the ed
also tracked from the vessel Hdkon Mosby for ing larger areas of thinner ice. which would Uohannessen et al.. 1985). At the beginning o
about 15 days while it displayed weak east- in turn be mechanicalh% weaker in respect to this series, internal waves with 20-min period
ward propagation of less than 4 km/d. Evi- floe-to-floe collisions and oceanic wave de- and with a vertical displacement of 10 m
dence of weak translatory motion was also re- structions. dominated the record. The frequency spec- U
vealed in several SOFAR float trajectories ob- trum generally showed that the energy levelI
tained during MIZEX 84, in agrement with Boundary Layer was somewhat lower than indicated by the
dynamic topography obtained from helicop- "universal- Munk and Garrett theory [Garrett
ter-based CTD data. and Munk, 19751. However. it should be not-I

At present. there are five theories on eddy Another ice mass loss mechanism in the ed that these data were obtained during caln
generation, including baroclinic. barotropic. MIZ occurs during episodes when wind rap- wind conditions. In MIZEX 84, the internal I
and topographic instability Uohannessen et al., idly advects ice over warm water, where it di- wave study was expanded to include acoustic
I 983a. 1985; Wadhamrs and Squire 1983). The verges and rapidly disintegrates. During MI- and remote-sensing observations, and inter-
fourth theory, suggested by Hakkinen (19841 ZEX 84. two such episodes accounted for nal wave trains with wavelengths of 2 km I
in a numerical study, proposes that wind- perhaps 100-120 km of pack ice melt in the were clearly seen in the ice edge region in
driven upwelling along a wavy ice edge can region south of Polarqucen. despite much side-looking airborne radar (SLAR) imagery
generate eddies through differential Ekmann smaller changes in the ice edge position. (The obtained under calm conditions (Ron and
pumping. The fifth theory is simply that ed- edge was at about 80*N and from 2* to 6*E.) Tochtv,. 19841. The 1984 data set should
dies are already present in the open ocean, The divergence creates a broad swath of dif- yield new and interesting results on the inte
and when they are advected with the north- fuse ice further north. nal wave field under both calm and windy
ward flowing Atlantic water, they will eventu- Boundary layer measurements of turbulent conditions. Impact of internal.waves on
ally interact with the ice and polar water. We stress and oceanic heat flux. combined with acoustic ambient noise caused by convergenco
are at present investigating these different ice ablation data from near Polarqueen. sug- and thus bumping of the ice floes and on
mechanisms. gest that buoyancy flux associated with ice acoustic propagation through focusing and h

The importance of the eddies for ice edge melt is instrumental in causing the diver- defocusing effects should be explained by this
retreat has been estimated quantitatively for gence. During summer, divergence near the data set lhaamnnesse" et al, 19851. I



Remote Sensing TABLE Ia. MIZEX 84 Remote-Sensing Instrument Ensembles: Aircraft Sensors

The remote-sensing program had two main Frequency. Resolution and MIZ Characteristics
objectives. The first was to obtain a synoptic Instruments GHz Coverage Provided
picture of the morphology and evolution of
the experiment area so that the local mea- CCRS CV.580 (CCRS/ERIM)
surements could be put in a regional context. Imaging radar (SAR) 9.8. 5.3, 1.3 3 m. 10-km ice edge location,
The second was to gain a better understand- swath width, eddy structure. ice
ing of the interaction between electromagnet- 70-km type mapping,ic radiation and the ice and ocean surfaces mosaics ocean wave
under summer marginal ice zone conditions. Scatterometer 13.3 profiler spectra, floe size
To meet these objectives, an ensemble of sat- Microwave radiometer 19.4 profiler distribution, ice
ellite, aircraft, and ship- or helicopter-based Aerial cameras visible concentration, and
remote-sensing instruments were used in the ice kinematics
experiment (see Table I; also Shuchman and
Burns (19851) and provided optical, infrared, USA-NRL P-3
and microwave data. Passive microwave imager 90 15-120 m. 2-15 ice edge location

The satellite and aircraft data have yielded SSM/I radiometer 19, 22. 31, 37 km swath ice concentration.
a synoptic description of the mesoscale mor- width ice type, and

phology of the Fram Strait MIZ and its varia- PRT-5 infrared profiler II (microns) 100-km mosaics ice kinematics
tions throughout a typical summer and an INS winds NA
opportunity to test and simulate satellite anal- Environmental sensors NA
ysis algorithms. The Nimbus 7 scanning mul- 60 mm photography (Hasselblad) visible
tichannel microwave radiometer (SMMR) se- Norwegian Air Force P-3
quential images, with 25-km resolution, were AXBT NA point ocean temperature
acquired every 2 days throughout the experi- measurements
ment and show the location of the ice edge
and its variation under changing meteoro- CV-990 (NASA)
logical and oceanic conditions. Thermal in- Radar altimeter/scatterometer 13.7 1 km, profiler wave height, ice edge
frared images from the NOAA advanced location,
very high resolution radiometer (AVHRR) in- Passive microwave imager 92. 19 100 m. 100-km ice type, and
strument, obtained during cloud-free peri- mosaics ice concentration
ods, indicate the thermal structure of the Radiometer 10.7, 18, 21, 37 profiler
ocean off the ice edge and the evolution of
features associated with ice/ocean eddies at a PRT-5 and camera I Iim. visible
resolution of I km. The passive microwave NOAA P-3
images and profiles, with resolutions of the SLAR 35 GHz 10 m. 20-km ice edge.

order of hundreds of meters. are used to de- swath width flow size
rive sequential maps of the mesoscale ice con- Laser profilometer visible profiler distribution, ice
centration and ice edge structure. The SLAR Gust probe concentration, ice
and SAR image data have provided a unique Stepped frequency radiometer 4.5-7.2 profiler type, ice
high-resolution (3-10 m) view of the complex roughness, and
MIZ structure, with estimates of floe size dis- eddy structure
tribution, ice concentration, and location and
size of ice/ocean eddies. B- 7 (CESIFrance)

During the experiment, synoptic data were SLAR 9.3 GHz 25 m, 20-km ice edge location.

analyzed in real-time at the Tromso Coordi- swath width flow size

na:ion Center and supplied directly to the Photography visible 90-km mosaics distribution. ice
ships to aid in planning. The ice/ocean eddies concentration, and

were extensively "sea truthed" in this way. By oceanographic
using the SAR real-time output images to lo- information

cate the center of eddies identified on the Falcon 20 (DFVLR/FRG)
coarser resolution AVHRR visible images, Meteorology air samples NA profiler cloud drop size
complete temperature. salinity, and density distribution,
profiles were obtained from ships and air- aerosol samples,
dropped expendable bathythermographs and scattering
(AXBTs). coefficient

In addition to mesoscale information on ice
edge and eddy formation, the higher-resolu- CCRS: Canada Centre for Remote Sensing; CNES: Centre National de'Etudes Spatiales.
tion instruments also yield melt front charac- France; ERIM: Environmental Research Institute of Michigan: DFVLR: Deutsche Forschungs-
teristics. Imaging radar and helicopter scat- und Versuchsanstalt fur Luft und Raumfahrt, Federal Republic of Germany: NASA: National
tre, -meter data show a distinct change in Aeronautics and Space Administration; NOAA: National Oceanic and Atmospheric Administra-
b.., ,,catter across the front, caused by the tion; NRL: Naval Research Laboratory.
damping of capillary waves in the melt water

area. Meteorological and oceanographic mea-
surements from aircraft as well as from ships ters. and low-flying aircralt. Studies are con- variable oceanographic and ice conditions of
are being studied to understand the bound- centrating on tracking the signatures during the MIZ and

ary layer conditions associated with frontal the transition from freezing to melt condi- 0 ambient noise processes generated within

features. tions and determining an optimum combina- the MIZ.
A major achievement of the remote-sensing tion of sensors to monitor this period of ma- Secondary efforts concerned refraction and

program was the collection of temporally and jor changes in the MIZ. reflection programs for the structure of the
spatially coincident data sets that can poten- Vermak Plateau and evaluation of the poten-
tially lead to a better understanding of the Acoustics tial for ocean tomography near the MIZ.

physical basis for observed features. Physical The hydrophone arrays for receiving
properties of both ice and ocean surfaces Ocean acoustics durng MIZEX 84 focused acoustic signals were deployed from MS
were observed by calibrated microwave, ther- upon two unique aspects of the marginal ice Kvuiom whose drift track is indicated in Fig-
mal, and optical (visible and laser) wavelength zone: ure I. Two principal systems were deployed:
instruments from the surface, ships. helicop- i propagation of signals through the highly an array of up to 30 drifting hydrophones



I
TABLE lb. MIZEX 84 Remote-Sensing Instrument Ensembles: Ship- and Surface-Based were being made in the vicinity of Kzmb]orn.

Sensors The overall goal was to have a large number
of environmental measurements supporting 1

MIZ the acoustic observations.
Instrument Frequency, Resolution and Characteristics The data from MIZEX 84 are now being

Instruments Platform GHz Swath Provided processed. While very preliminary, several

Drifting Ice Ship Station (Polarqueen)* initial results can be stated.

Passive microwave ground I J, 18, 37, point ice type and MIZ Acoustic Fluctuations
radiometer and 90 measurements EM

properties The scale of acoustic fluctuation, as mea-

Ice-Strengthened Ship (Polarstern)t sured by the bandwidth spreading after re-

Microwave step frequency helicopter 1-18 selected profiler ice type. EM moval of Doppler shift of a series of tone
scatterometer properties, transmissions between Polarqueen and Kvttb- -

Dielectric constant ground j-4 point and EM ice oorn over a range of approximately 100 km. is
measurements measurements properties much higher than that observed in either th

(reflection, temperate oceans [L(Dson et al.. 19761 or the
penetration, central Arctic [Mikhaievslrv. 19811. Figure 5
etc.) compares some of the MIZEX 84 measure-

ments with those of the references just cited
FrancelCNFS [Dahl et al.. 19861. While the source/receiver U

RAMSES microwave ship-mounted 8-18 selected point ice type EM geometry is not as well constrained as that in
active radiometer (9, 13.5 measurements properties the references, it is essentially static compare.

used to the spreading scales observed. These data
extensively) clearly indicate that the MIZ is a much more1

ERASME scatterometer helicopter 5.35 transects dynamic acoustic environment.

ERIM Ice Kinematics
Resonant cavity (dielectric ground 1, 10, 100 point EM ice

constant MHz measurements properties, The ice kinematics on scales less than 10
measurements) X-C-L SAR km and I day are much more complicated

Incident power calibration, than was previously observed. Divergence
measurements and and shear of the ice pack can be correlated

Snow-free water microwave with environmental stresses of wind and cur-
measurements penetration rent. Moreover. high-frequency spectral cornmponents have the same scale as the internal
CNES: Centre National d'Etudes Spatailes (France); ERIM: Environmental Research Institute waves observed on the thermistor chains.

of Michigan.*University of Washington Propagation Modeling Considerations

tUniversity of Kansas I
Propagation models that use the range-de-

across an aperture of up to 10 km and a ver- drophone at several remote locations. A spec- pendent capabilities of the parabolic equation
tical array of 30 hydrophones deployed to a trum analyzer and a tape recorder powered method indicate that the frontal nature of the
maximum depth of 400 m. Maintaining by a small generator were used to acquire the oceanography is very important. Significant
acoustic arrays in the MIZ is very difficult. data. scattering is created in comparison to the re-1
There is too much ice to permit use of towed During the acoustic experiments a large suits obtained from the range-independent
arrays, yet the ice is not stable enough to use number of environmental measurements models that are traditionally used.
as a platform. For this reason, a free drifting
array was developed and deployed from the TABLE Ic. MIZEX 84 Remote-Sensing Instrument Ensembles: Satellite Sensors

small Hoes of the MIZ and could obtain array
locations by internal signalling. The drifting Resolution and
hvdrovhone array telemetered signals over a Instruments Type Coverage MIZ Characteristics Provided
radio frequency link to a recording station
aboard Kvotbton. Positional accuracies of Aak NOAA 7 S8
b were obtained over sensor separations of AVHRR visible and infrared I km; entire Fram Strait meteorology, ice motion,

up to 10 km [von der He*d et al., 1985] using edge location, and eddy

wideband pulsed acoustic signals. More im- structure

portantly. the location system has provided Meteor (Soviet) I
the best data now available of macroscale ice OLS visible and infrared 5 km; entire Fram Strait meteorology. ice motion, ice
kinematics [Duckworth et al.. 19841. edge location, and eddy

Several acoustic sources were used. Coher- structure
ent signals were transmitted from HLF-3 low-
frequency programable sources. One source DMSP (DOD) I
was on board MS Polarqueen within the MIZ OLS visible and infrared I kin; entire Fram Strait meteorology, ice motion. ice

at ranges of 45 and 100 km, while the other edge location, and eddy
was towed from USNS Lynch, which ran a se- structure
quence of tracks near the ice edge. The sig-
nals consisted of tones and chirped and cod- Lan"dJA D (NASA)

ed waveforms up to 200 Hz. One of the MSS visible and near 80 in; 100-kin frames meteorology, ice motion, ice

ocean tomography sources was deployed off infrared edge location, and eddy

the margin of Svalbard. Explosive sources structure

were used for ice canopy scattering, acoustic Niubus 7 (NOAAINASA)
propagation, and seismic refraction investiga- SMMR microwave 25 kin; entire Fram meteorology. ice motion, and
tions. Several large (100-kg) charges were also Strait ice type
detonated for reverberation studies.

Ambient noise measurements were made NOAA: National Oceanic and Atmospheric Administration: DOD: Department of Defens4E
periodically under silent ship conditions. An NASA: National Aeronautics and Space Administration; DMSP: Defense Meteorological Satellit=
innovative helicopter survey for ambient Program; AVHRR: Advanced Very High Resolution Radiometer; OLS: Optical Line Scanner:
noise synopsis was done by deploying a hy- MSS: Multispectral Scanner; SMMR: Scanning Multichannel Microwave Radiometer.



zooplankton. This was true in spite of the gian Air Force, University of Bergen (Nor-
large standing stocks of the calanoid cope- way), and the U.S. Geological Surnev.pods Calanus finmarchicus and C. hyperboreus.

Z A second finding of this study was that phy- RefeInca
I toplankton biomass was maximal in the vicini- Dahi. P.. A. B. Baggeroer. and P. N. Mikha-
0 E • tv of a quasi-permanent eddy located near levsky. A. analyisotei and P. uctka-

th Molo Deplheiceaevevlsfky. An analysis of the temporal fluctua-
Z" / the Molloy Deep. The increased levels of tonofwacuicppgtonnth

10- phytoplankton were probably the result of a0'• MIZ. paper presented at the Spring Acous-0 positive vertical motion induced by the eddy. o prereca Mee ping cous-

M;ZEE~~~~ti Societynurens no a of America Meeting. Cleveland./t-WZX0 which advected nutrients into the surface wa-e.,... / //1Ohio, 1986.••s ....... E-0 o ///// ters and stimulated growth."/ / / whe de c oted o the e Duckworth, G. L.. K. von der Hevdt. N. Mak-
.. .The 1984rstudyofncentratedn ho°n theadistri- ris. and A. B. Baggeroer. Ice dynamics and

Spinternal ice stress in the Marginal Ice Zone/ / / / zooplankton, and the rate processes associat- (abstract), Eos. 65, 936. 1984.
'0"2 ed with each trophic level. Nutrient concen- Dyson. F.. W. H. Munk. and B. Zettler. Inter-0 / o , ,Dystraoions were again low, with surface nitrate10 0 concentrations averaging 1.6 tl M within 25 pretation of multipath scintillations Eleu-

Frequincy .HZ cocnrtosaeaig16ýMwti 5 thera to Bermuda in terms of internalkm of the ice edge. Chlorophyll levels (a mea- thera to ermud in te of Am..r59,
Fig. 5, The rms phase rate as a func- sure of phytoplankton biomass) ranged from 1121. 1976.tion of frequency, scaled by the square less than 0.1 to 10.5 ILg/L in the euphoric

root of range for various oceanic regions. zone and were clearly maximal in the transi- Hakkinen. S.y Dynamics of the coupled ice-
tion zone from consolidated pack ice to open Stud e o n th e proce aof"water (Figure 6). Primary production was also .y of the mesoscale proesses and ofmaximal at the ice edge. Numerically domi- citutive equations for sea ice. Ph.D the-Ssis, Florida State Univ., Tallahassee. 1984.E nant species were small (less than 10 gam)

300 flagellates and the prymnesiophyte Phaeocystts
Spouchetu; diatoms, principally Chaetocoeroa MIZEX 84 summer experiment P1 prelimi-

.s5 spp. and Nazsch/a clostenum, and dinoflagel- nary reports. in MIZEX Bulletin V, Spec.
0 10 lates were also abundant. Zooplankton bio- Rep. 84-29. U.S. Army Cold Regions Res.

0 5 mass was principally concentrated in theup- and Eng. Lab.. Hanover. N.H.. 1984.
per 100 mn and consisted mostly of individuals Johannessen. 0. M.. W. D. Hibler Ill, P.

(4s of Calanutsfnmarchscus and C. e uWadhams. W. J. Campbell. K. Hasselman.
o -, 35 Rates of egg production were tightly coupled 1. Dyer. and M. Dunbar. A science plan for

-fo'ee.". 100 to the ice/open water boundary. Digestive en- a summer marginal ice zone experiment in
*J a, •" zyme analysis clearly showed that the surface the Fram Strait/Greenland Sea: 1984. Spec.

Fig. 6. The distribution of integrated zooplankton were actively feeding, whereas Rep. 83-12, U.S. Arms Cold Regions Res.
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the warm and saline Atlantic Water of the
West Spitsbergen Current. Three sections
crossed this boundary, and each showed the
Arctic Front located above the Knipovitch
ridge, suggesting topographic steering of the

Winter Marginal Ice Zone Program in circulation with a strong barotropic flow com-

the Fram Strait and Greenland Sea The Greenland Sea is regarded as an area
where deep convection and bottom water for-
mation can occur [Killworih, 1979]. Convec-

MIZEX '87 Group tion chimneys on the scale of the baroclinic
deformation radius, which is about 5 kG in
this area, were not observed in the large-scale
survey. However, several such chimneys were

Introduction reasons, and for logistical considerations. MI- observed in the Hdakon Mosby's mesoscale sur-
ZEX 87 was conducted from mid-March to vey, as will be discussed later. Vertical homo-

The overall objective of MIZEX is to gain a mid-April. The primary goals of the experi- genity was not found to extend deeper than
better understanding of the mesoscale physi- ment were: 180 m in any of the Vaodia's CTD casts. In-

cal and biological processes by which atmo- o To provide the first comprehensive me- stead, all profiles showed a subsurface tem-
sphere, ice, and ocean interact in the margin- soscale oceanographic data set with emphasis perature and salinity maximum around 200-
al ice zones (MIZ) that are found at the on fronts, ice-ocean eddies, deep convection, 300 m depth, associated with a vertical densi-
boundaries between ice-covered and open and internal waves in winter MIZ. Such data ty gradient of 0.02 sigma-theta per 100 m,
oceans. Improved modeling and better pre- are vital for ocean and acoustic modeling, due to Atlantic Water from the Norwegian-
diction of ice-edge position. ice concentration, * To demonstrate the remote-sensing capa- West Spitsbergen Current. During the ex-
and ice type in these regions would be a ma- bilities of SAR for detection and tracking of periment stable stratification caused by this
jor step toward expanding human activities, winter ice-ocean eddies and to investigate ice intermediate layer prevented deep convection
for example, seaborne commerce, fishing, oil types, ice concentration, and ice kinematics, on the horizontal scale resolved by the large-
exploration and production, and naval opera- , To provide mesoscale meteorological data scale survey of the Valdivia.
tions. In addition, when more accurate pa- for winter MIZ.
rameterizations of mesoscale physical process- 0 To provide ambient noise data integrated Vortez-Fpai
es are available for inclusion in large-scale with environmental data to improve our un-
models, the result will be a major improve- derstanding of ambient noise generated by The unique opportunity to receive down-
ment in hemispherical climatological studies' geophysical processes. linked SAR images every day during the ex-

Winter MIZEX '87 was conducted during 0 To obtain data on biological activity in periment enabled a real-time study of the
March and April 1987 in the Fram Strait and winter MIZ and during the time of initial ear- evolution of meanders and ice-ocean eddies
Greenland Sea (see cover) and extended ly spring insolation, in the MIZ. (Under moderate wind condi-
along the MIZ from about 75°N-79°N and tions, sea-ice motion is a good indicator of
5°W-5°E. The experiment included an inten- upper ocean circulatin.) One of the highlights
sive 2-day investigation of the Barents Sea Oceanography of this experiment was the observation of nu-
MIZ carried out between the southern tip of merous jets and vortex-pairs along the ice
Svalbard and Bear Island. Two Norwegian
ships. R/V Hdakon Mosby and the ice-strength- Large-Scae Oceanography edge.

A vortex-pair starts as a local jet that devel-
ened RKV Polar Circle, and the R/V Valdivia of Large-scale circulation and hydrography in ops into two counterrotating eddies (see coy-
the Federal Republic of Germany participat- the Greenland Sea and Fram Strait were sur- er). A typical length scale of vortex-pairs
ed in the experiment. Flight operations were veyed by the R/V Valdivia along five sections along the ice edge is 30 kin. The lifetime is
carried out by two Canadian aircraft from 71°N-79°N, between the polar ice pack more difficult to estimate, but the ice signa-
equipped with Synthetic Aperature Radar and the Barents Sea shelf break. Conductiv- ture from a time series of SAR images sug-
(SAR), a U.S. plane equipped with passive ity, temperature, and depth (CTD) stations gests that it can be as short as 3-4 days. The
microwave sensors, a Norwegian P3 aircraft, were run to the bottom at a spacing of 30 n. SAR images show several cases where a fila-
and a helicopter based on the Polar Circle. mi. (55.6 kin) or less. Ice conditions permit- ment of ice shoots off the ice edge one day

ting, the survey from summer 1986 was re- and grows into a fully developed vortex-pair

Objectives peated [Quadfasel and Meinche, 19871. In addi- the next day. One or two days later it has de-
tion, three satellite-tracked buoys were re- generated. This apparent degeneration may

Winter MIZEX "87 investigations were leased in the vicinity of the Greenland be due to ice that diffuses and melts, ice ad-
based on the need to understand the atmo- fracture zone. which separates the Greenland vection by the wind, or vortex-pair decay.
sphere-ice-ocean processes responsible for the and Boreas basins (see cover). The problem is that the surface signature
advance of the winter ice edge and to mea- The most interesting result was the close may disappear due to wind forcing of the ice
sure effects on acoustics and electromagnetic coupling among circulation, boundaries be- and may obscure the subsurface structure.
remote sensing under conditions different tween different water masses, and bottom to- Therefore, in situ data from the ships and
from those in summer. The earlier summer pography. Buoys released on either side of the drifting buoys were of vital importance
results have been published in Eos ([MIZEX the Greenland fracture zone only 30 km for interpreting the SAR data.
Group, 19871, Sciene [Johannessen et al., apart followed widely different circulation re- Another important aspect of these observa-
19871, and the Journal of Geophysical Research gimes (see cover). One buoy moved north- tions is the spatial distribution of the vortex-
Special Issue on Marginal Ice Zone Processes (vol. ward in the West Spitsbergen Current-Boreas pairs. They are most readily observed along
92, 1987). Processes such as atmospheric cool- gyre along the western flank of the Knipo- the ice edges, where the images show a sharp
ing, ice growth, heat loss from ocean to atmo- vitch ridge, while the other two looped contrast between ice and water. They may
sphere, and surface gravity waves caused by around the Greenland gyre, completing half also occur within the ice and in the open
wind events reach maximum intensity during a circuit in five months. ocean, but here they are much more difficult
the Arctic winter between December and The Arctic Water domain covers the cen- to detect in the SAR images. Assuming that
April. The upper ocean reaches its fully de- tral part of the Greenland Sea. It is bounded the vortex-pain occur most frequently along
veloped winter state about March. For these to the west by the Polar Front, which sepa- the ice edge, it can be hypothesized that they

rates it from the relatively fresh waters of the are associated with the front between colder
East Greenland Current. Subsurface to the and warmer water masses. Fedormv and Gnu-

Copyright 1989 by the Arctic Water, an undercurrent carrying recir- bug [19861 argue that jet currents, which
American Geophysical Union culated Atlantic Water is also associated with generate vortex-pairs, occur frequently in the
0096/394 1/7017/89/545501.00 the front. In the east the Arctic Water meets ocean. The problem is to observe them and,
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so far, only remote-sensing data have been dies in the ice edge region, and it can be s5 "m cannot drive ice floes at such a high
able to catch the phenomenon. and then only speculated that the generating mechanism for speed, so the most likely explanation is that
in cases where a tracer is present. In addition vortex-pairs also causes internal waves, the arrays were trapped in the jet current asJ
to sea ice, sea surface temperature gradients At the beginning of the experiment, mod- sociated with the vortex-pair seen in :he SA
are also a good tracer; therefore advanced erate northerly winds prevailed, but on April image of the same dav. Both horizontal and
very high resolution radiometer (AVHRR) 3 the wind turned westerly, causing the ice vertical current shear associated with this jet
images, for example. from the Norwegian edge to become loose and the array to drift were considerable and ma, have generatedf
Coastal Current (fohannessen et al., 1989], are southeastward toward open water. At noon the internal waves. Further study of these ini
used to reveal such vortex-pairs. Observations on April 4. when the high-amplitude internal ternal wave observations may enable a better
of vortex-pairs in the Alaska Coastal Current waves were observed, the array was moving at understanding of interactions between eddies
using sea surface color contrast from Landsat a speed of 90 cm s"". A wind speed of 5 m and internal waves.
Thematic Mapper have been reported by Ahl-
nd et al. [1987].

The vortex-pairs can be produced from a
jet generated by a local energy source. The
evolution of two counterrotating vortices can SOUTH NORTH
then be a consequence of the conservation of WEST EAST
the initial angular momentum of the jet. This WEST______......._______......_______ EAST--_____
has been demonstrated in a series of labora- -.-
tory experiments in which different modes of'- -TEMPEV R ATlM URE
forcing were applied to a rotating fluid [Flierl - I fl - -*- i
el a.. 19831. Dynamic instability of fronts and / I _ /
currents and local winds in the MIZ may be //
the momentum source.

Internal Waves ' - M c c m
Three thermistor chains were deployed (1))-i\ '.jI c

from ice floes in a triangle about 500 m on
each side. This array drifted southward in Mi -
the East Greenland Current close to the ice . m
edge for 5 days. The thermistors were de- 0
ployed at 5-m intervals between 45 and 95 m. .
centered in the thermocline where tempera-ture increases from -1.8°C to about 0.0°C 0t•'over the depth range of 50 m. 01

During the 5-day period, the internal wave I / I.

activity varied but was most pronounced in C

the last 12 hours of the experiment, just be- & 0
fore recovery of the array. The dominant in-

a similar experiment in MIZEX '83 [Sandven "1 _
andJohannessen, 1987]. This period is consist- I] 0 O
ent with the Brunt-Vaisala frequency, which - ] _
has a maximum of 2-3 cycles hourm""' in the
main pycnocline. Typical amplitude was 10
m, but toward the end of the experiment20- 20....
m amplitudes were observed (Figure 1) as theh t"
array was spun off from the ice edge by a jet + SALINITY Kcurrent that later developed into a vortex- - - ( 1 K
pair. These high amplitudes may reflect ed- V

100 1200 Iw 1300 IdOGE U- V)

_: 0zCu

""U)- ,

60 J!

70 0

F %g. I. A 3-hour ume series of therm-

istor chain measurements contoured at
0.1°C interval. Temperature is - i.8C in V
the upper layer and increases to above
I.0*C in the thermocline. These data were
obtained on April 4, 1987, when the 0 5o 100 KM
mooring, suspended from an ice floe, was Fig. 2. CTD section obtained from the Hdakon Masby's SeaSoar in the center of the

Boreas basin. The chimneylike feature is shaded in the salinity section.



Upper Ocean Chimneys

The mesoscale thermohaline and velocity E 30.
structures off the ice edge in Fram Strait be- 20.h
tween 75"N-79°N and 4°W-4°E were studied
by RNV Hdakon MfosbY, A total of 30 Sections * 10.was obtained using a towed undulating CTD " J

(SeaSoar) and a ship-mounted Acoustic .. .. . ,, .. . .... .'Doppler Current Profiler (ADCP). The sam-
pling interval for the SeaSoar, obtained at a a
mean ship speedof7 knots3.57ms"). E 1030.. .I
was about one cycle to about 250 m every 2.5 0 1020.. ,- "
km. The ADCP-sampling interval was select- 2 1010.-.
ed as 5 min. equivalent to about one current 0
profile to 300 m every km. In addition. 70 C , .
deep (3000 m) CTD stations were obtained. i

Complex mesoscale thermohaline struc- -
tures observed with the SeaSoir included sev- 80 ' ~ ,A/

eral narrow, well-mixed chimneys 5-10 km 6

wide and more then 250 m deep (Figure 2). ' 60 ,* • i -•

Additional information from deep CTD casts o.1
showed that the vertical homogeneity of the • 40.
chimneys could extend to a depth of about
600 m. The density in the most pronounced U f ""
of these chimneys was 0.03 sigma-,heta less 0 . -. ,,... . . . ., . . .
than the average density of 28.09 sigma-theta "
of the deep water below 1500 m. The ther- .-10 . I "" "

mohaline structure suggests upwelling or up- CL I AIR -ward mixing of intermediate depth Atlantic -0 .Water. which is recirculated in the Fram 23 25 27 29 31 02 04 06 08 10 12

Strait and mixed with Polar Water. with salin- April
ity and termperature higher than 34.90Mr
and 0*C. respectively. Fig. 3. Time series of meteorological parameters from the Hdakon Mosbv at an eleva-

When elevated to the surface, this water tion of 15 m. The wind direction barbs (top panel) point into the wind.
can be exposed to surface cooling. Using a
mean observed wintertime air-water tempera-
ture difference of about -10C. sample quanti-
fication of the heat loss and cooling of the satellites, and the existing regional observa- ist some distance (hundreds of kilometers)
surface water (neglecting solar radiation) sug- tion network. away from ihe edge. If an upper level trough
gests that the average temperatare drop in Time series of pressure wind. temperature or low moves over the front, rapid develop-
the upper 25 m will be about 1.7*C in about and relative humidity measured on the Hda- ment of a polar low will occur [Felt. 19881.
10 days (from initially +0.56C to -l.2*C). Pro- kon Mos ' (Figure 3) illustrate the absence of These intense systems are smaller than tipical
vided salinity remains constant, the density extreme wind conditions, which typically oc- cyclones and aie not predictable b% current
will increase by about 0.04 sigma-theta to cur during the transit of snyoptic or meso- operational prediction models.
28.10. This proconditioning mechanism (Kill- scale cyclones. Unexpectedly. the genesis of We were able to study characteristics of
worth, 1979; Hdkhinen, 19871 can be sufficient cyclones occurred some distance south of the several boundary-laver fronts using surface
to form water dense enough to start convec- MIZ despite off-ice flow and large air-sea measurements. rawinsonde profiles and satel-
tion that eventually penetrates the main pyc- temperature differences (-7 to - 12°C). Al- lite imagery. An example of the satellite im-
nocline. Such convection may be further in- though conditions were less severe than ex- agery is shown in Figure 4 with ship wind
tensified by freezing of ice accompanied by pected. we obtained measurements of the barbs and %treamlines. The front is the line
salt rejection and may eventually produce modification of the atmospheric boundar' of enhanced convection (whiter clouds on the
bottom water, which is important for carbon layer (ABL) and surface wind stress across image) running north-south in the open
dioxide uptake and global climate, the ice edge. as well as features within bound- ocean area west of Svalbard. The front was

Abundant mesoscale eddy features were re- ary layer fronts, associated with an inverted trough that
ported in the Fram Strait MIZ by 0. M. Jo- An important feature in Arctic regions is moved west across the Fram Strait. (An "n-
hannessen et al. 1983. 19871 and . A. Jo- the presence of strong, low-level temperature verted trough* is a horizontal feature whereI /znnsessn et al [1987]. They conclude that inversions. The rawinsonde measurements isobars and wind trajectories curve to the
thes eddies are generated primarily by dy- showed that the height of the inversion var- north around a low-pressure region to the
namic instability mechanisms enhanced by ied from an average of 250 m over ice to 950 south.)
discontinuity of the wind stress at the ice m over open ocean, with a sharp change lo- The front movement was traced on the ha-
edge or by topographic steering and trapping cated at the ice edge during off-ice wind di- sis of satellite images as it crossed the entireof the mesoscale ocean circulation. Cyclonic rections. The variation in inversion height Fram Strait [(Shultz. 1987). When the fronteddies have domed thermohaline structures was related to the variation in surface tem- reentered an ice region to the west on March
associated with the upward vertical displace- perature from relatively warm ocean surface 26. after forming at the eastern ice edge on
ment near the eddy center. This results in a to cold ice surface. During the summer, tem- March 24. it was still detectable from a wind
weakening of the stratification. The cooling perature contrasts between surface and atmo- direction shift, an increase in wind speed.
of Atlantic Water that is elevated to the sur- sphere were weaker and inversions were and an increase in the height of the inversion
face may thus be sufficient to initiate deep stronger and lower. Other factors observed to at the locations of the Hdakon Most% and Polar
convection, cause increases in spring MIZ inversion Cirdc. A noticeable area of complex cloud

heights were on-ice wind directions, increased features exists toward the bottom of Figure 4.
wind speeds, cloud formation and weaker at the southernmost extension of the front.Meteorology subsidence. This is the region where genesis of polar lows

Distinct air masses form over ice-covered often occurs. In this particular case, there was
The meteorology program was designed to areas and open ocean. When wind direction no upper level support and no polar lo%

obtain microscale, mesoscale and synoptic shifts from on-ice to off-ice, a boundary layer formed.
Scale descriptions of the atmosphere in the front, which moves away from the ice edge. Another type of boundary laver front was
ice-edge region. Descriptions of features at all marks the boundary between air masses. Al- observed when the surface wind direction
three scales were obtained from the three though air formed over ice is rapidly modi- shifted from off-ice to on-ice. In these cases.
ships, remote-sensing aircraft, polar-orbiting fled by warm ocean surface, the front can ex- the front travels over the ice-covered region
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(below 4 m s'"n ) and the ice edge compact. .,

variet% of in situ measurements and obser~aIGREENLAND tions supported the initial interpretation of
the SAR data. These include data from ice
samples, drifting Argos buos. current-meter
measurements. wave riders, pitch and roll
buoys, and ice flow accelerometers.

Preliminary analysis indicates the followin
uses for SAR imagery.

w differentiating between first-year ice,
multiyear ice. and many stages of woung ice

* detecting surface expressions of eddies
both in the open ocean and within the iceSvalard ' " pack

Svalbard N tracking ocean waves both outside and
S propagating about 100 km into the ice pack

* showing internal wave features beneath
the ice pack

a mapping ocean fronts m
S"- "Figure 5 also shows an example of an anal
" "�-" " -. "" ysis performed using sequential SAR imag-

-er. Mission 1i, flown on April 3, and mis-
-sion 12, flown on April 4, were compared.

W0E

BRNSSEA

Fig. 4. NOAA satellite image of the MIZEX region on March 26. 1987. The solid
lines show surface wind trajectories, analyzed by Fett [1988], where P. H and V refer to
data from the Polar Circle, Hdakon Mosbvy and Valdin, respectively. The dashed line A-B
represents the trough axis and associated front described in the text. The lower clouds
appear gray compared to Lhe white ice, snow surfaces, and high clouds, while the open
ocean surface is dark.

away from the ice edge. Thr frontal passage Grease ice had a particularly interesting
was marked by the formation of low stratus drag coefficient. [t was less than half the
clouds or fog. This type of front can be seen magnitude of surrounding ice-free ocean and
at the top of Figure 4 as the low stratus or only one-eighth the value of the roughest ice.
fog (gray) moves over the ice (white). In addition, for a given surface wind speed

A feature observed with all these fronts was the wind stress will vary by the same ratios.
that the surface pressure did not fall and rise Therefore the presence of grease ice, which
as it usually does during frontal passages be- may extend for tens of kilometers away from ,
cause the front was confined to the boundary the solid ice edge during off-wind conditions, / ,
laver. Despite lack of vertical extent, even may have a strong influence on the boundary
without the development into intense polar by suppressing momentum and heat fluxes.
lows. these fronts had a strong effect on sur-
face wind. humidity and cloud conditions.

An important process in the MIZ is the Remote Sensing
transfer of momentum (wind stress) from at- Y
mosphere to surface. This has a strong influ- Synthetic Aperatre Radar (SAR) V..-"

ence on the dynamics of the lower atmo-
sphere, upper ocean, and ice movement. The Favorable weather in the MIZ during the
wind speed is proportional to the square of experiment permitted 24 SAR flights. 18 of
the surface wind speed and also is a function which were on consecutive davs. This was the Fig, 5. A representative mosaic covering
of surface roughness and vertical tempera- first international experiment having daily a 445-x-195-km area of the MIZ obtained
ture structure. The surface roughness effect SAR coverage with real-time imagery down- on April 3. 1987. On the X-band wave-
on wind stress is parameterized by a drag co- linked to ships in the field. The SAR system, length (3 cm) SAR data. bright tones on
efficient. During MIZEX '83 and MIZEX '84 with its high resolution (15 x 15 m). clarity of the image represent multiyear ice, while
the surface layer MIZ drag coefficient was image, and real-time availabilit., proved to be the darker tones are various states of
found to depend on the type and concentra- a powerful and efficient tool to aid in the young ice. The blackest signature is open
tion of sea ice [Guest and Daidison. 1987]. The planning and execution of field experiments, water. (Inset) Analysis performed by com-
highest value drag coefficients were associat- Figure 5 is a representative mosaic com- paring SAR imagery from April 3 and 4.
ed with multiyear ice at the edge that had re- posed of three near-parallel aircraft passes Ice kinematics (solid vectors) show a
centhv been broken up by wave and swell ac- covering a 445-x-195-km area of the MIZ. southwest movement of about 10 cm sm"ni
tion. Lower drag coefficients were found over On the X-band (3 cm) wavelength SAR data. within the pack ice, consistent with ocean
the large flat multiyear floes, which were bright tones on the image represent mul- circulation and prevailing wind. Note the
found within the ice region away from the tiyear ice, while darker tones are various relatively erratic movement of more dif-
edge. During MIZEX "87 we were able to stages of young ice. The blackest signatures fuse ire and the Argos drift buoys (dashed
measure drag coefficients for newly formed on the image are open water. This image was vectors) at the edge due to eddies.
types of ice such as grease. nilas and pancake. obtained on April 3. when the wind was calm
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Ice kinematics isolid vectors) show a south- ed spectral tspes occurred frequentls enough than I m , first-year ice. The Barents Sea ice
westward pack-ice speed of about Ii) cm s" to be important for satellite determinations of cover was composed almost exclusi.ele of
within the pack ice. consistent with the ocean ice-surface type. The first was observed dur- first-.ear ice that appeared to have uriginated
circulation and prevailing winds. It is interest- ing a traverse of the Odden at about 76°20'N from consolidation and subsequent ratting of
ing to note. however, the unpredictable and 2°W. The ice consisted of a mixture of pancake ice. The outlines of indisidual pan-
movement of the more diffuse ice and the thin pancake ice with a light snow cover and cakes were readilh discernible in man% large
Argos drift buoss dashed vectors) at the grease ice. For this case, the emissivity rose floes.
edge due to ice-ocean eddies. Kinematic anal- from about 0.7 to 10 GHz to a maximum of Detailed physical descriptions of the snow
vses such as these can provide information as about 0.94 at 37 GHz; at 90 GHz it dropped and ice cover were made at 29 individual
to the surface velocit% field, including the lo- back to 0.86. This spectral type was observed floes. These descriptions had three compo-
cation of eddies, rather frequently and suggests [Comrso et al., nents: a snow-thickness surve,. an examina-

1988) that 90 GHz should improve considera- tion of the snowpack stratigraph., and an
Passive Microwave Program bhl our ability to distinguish among young ice analhsis of sea-ice structure and related prop-

types with the SSM/I frequency set. erties. The snow survey tvpicallh consisted of
The passive microwase observations were The second unusual spectral type was ob- 25 or more measurements of snow depth

made primarilh using radiometers mounted served for multivear floes. In these cases, the made on a rectangular grid on the floe.
above the wheel house on the Polar Circle. spectrum showed emissivities above 0.85 at all Snow-surves data were used to investigate
Measurements were made at frequencies of 6. frequencies and appeared indistinguishable, small-scale variabilit, of snow thickness and
10, 18. 37 and 90 GHz at a nadir angle of within the limits of observational uncertainty, to compute mean snow thickness for the floe.
500. alternating between vertical and horizon- from that of thick first-year ice. It appears Snowpack stratigraphv was examined b% ex-
tal polarization. During a 4-day period, when that this was caused by infiltration of seawa- cavating a snowpit and measuring %erticalthe ship was within the ice pack in the East ter at the base of the snow laver as a result of profiles of snow temperature. water content.Greenland Current. observations were also the very heavv snow load on the old ice, to- conductivit,. density, and crystal size and

carried out on the ice using sled-mounted ra- gether with persistent tipping of the floes by type. The ice structure was analyzed b% tak-
diometers located about 1.5 m above the sur- ocean swell, which penetrated more than 10 ing at least one 80-mm-diameter ice core
face. Both traverses and scans over nadir an- km into the pack. As a result, brine volume at through the entire thickness of each floe. Agle were carried out during this time. the snow-ice interface and in the snow itself portion of the core was used to measure ver-

This effort was closelh coordinated with the was considerably enhanced. This effect may tical profiles of ice temperature, salinity, and
ice surface property and near-surface radar be of major importance in explaining the dis- density, from which profiles of brine volume
measurements. Data pertinent to the micro- crepancy in this region between the low mul- and porosity were computed. Significant
wave signatures included vertical profiles of tivear ice fraction derived from SMMR and stratigraphic features, such as growth band-temperature. density. salinity, and brine vol- the high concentrations recent submarine ing and sediment layers, were documented.

ume both in the snow and in the upper 50 profiles (Wadhamu. 19801 and confirmed bv Vertical thin sections were examined under
cm of the ice. with special attention to the surface observations during MIZEX '83 and cross polaroids to determine crystal type and
snow-ice interface. '84. size. A number of horizontal thick sections

It was possible to characterize emissivity were prepared for later. more detailed petro-
spectra for a range of ice types near the ice Physical Properties of Snow and Ice graphic analyses.
edge in the Greenland and Barents seas. Of the 29 floes studied. 16 were multivear
Spectral types were compared to observations The physical properties program was close- and the remainder were first-year. Ice thick-U from previous experiments, for example, for ly coordinated with passive and active micro- ness ranged from 0.2 to 1.7 m for first-year
open water, grease ice and young ice types of wave studies. As was our experience in MI- ice and from 0.8 to 4.1 I m for multivear ice.
various thicknesses, first-year (FY) ice and ZEX '84. ice in Fram Strait was predominant- Snow thicknesses varied from as little as 0.01
multiyear (MY) ice (Figure 6). Two unexpect- ly multiyear. with some thin (rarely thicker m on thin first-year ice to more than 1.2 m

on deformed multivear ice. As was the case
during the MIZEX '84 operations. snow
thicknesses were found to be significantly

1. 0 greater on multiyear than on first-year floes.
with a mean snow thickness of 0.47 m for

......------ - •" .... - -_-.- =. -: multiyear floes and 0. 11 in for first-year
S... .. -- " . -" " . / .a----• •" -'- • _.._floes.. .. ... . The textural composition of first-year and

.- .... - - %---=~*--"'. multivear floes was similar. In both cases, the

0 8 ........... ice was predominantly columnar with granu-
. ;- - -' ........... "/lar ice comprising only about 20% of total

.. -- core length. Only three of the 29 cores con-
sisted of more than 50% granular ice. The ice
composition was comparable to that observed
in the Fram Strait during MIZEX '84 (Figure
"7".

> 0.6As expected, first-year ice was saltier than
multiyear ice, with first-year floes having a
bulk salinity (7.7%v) 3 times greater than mul-

S Odden Traverse* tiyear floes (2.5%). However, a surprising
A---- Consol. Pancake Ice finding was that five of the 16 multiyear floes

had profiles in the upper half meter that ex-

0.4 x ............ Dry MY Ice hibited first-year signatures with salinities as
0 -------- Thick FY or Flooded MY Ice high as 9%c (Figure 7). Below 0.5 m, salinities

were comparable to standard multiyear val------ 0.5 m FY Ice ues. In these five cases, the floes were small

G---- Grease Ice (less than 30 m across) and so encumbered by
Open Water a thick snowcover that their freeboards were

near zero. We believe that this resulted in
0.2 flooding of the ice surface and overlying

to, 102 snow by seawater. This similarity in near-sur-
FREQUENCY (GHz) face salinity profiles of first-year and flooded

multiyear floes could significantly complicate
Fig. 6. Microwave emissivity versus frequency for the range of surface types found efforts to distinguish between first-year andin the winter MIZ of the Greenland Sea. MY is multiyear ice; FY is hrst-vear ice. multiyear ice using passive and active micro-

I wave data.



Primary productivity was calculated by served egg laving. The lipid content )t te-
Ice Crystal Texture (%) combining light data and attenuation with a males laving eggs was reduced in both ipecie%

knowledge of phytoplankton biomass and compared to the lipid content of lemAles not
First year ice (FY) Multi-year ice (my) photosynthetic responses. Productivity was laving eggs. In C. hyperborew the reductio-

extremely low. generally less than 10 mg C m2 was 39% and in C. glaciahs it was 444
dm o" More than two orders of magnitude All evidence suggests that both C. hvperbor
lower than observed during summer at the eus and C. gtaciahs were laving eggs in late

at same location. It is clear that photoshythesis winter by using lipids stored previousl, and
at the stations occupied during MIZEX '87 were not relying on ambient concentration of/ 72 was light-limited as a result not only of low phrtoplankton. The dlail rate of egg laving
incident irradiance but also deep vertical mix- by C. glacialu using lipids in late winter ex-
ing. It remains uncertain when the onset of ceeded the daily rate reported for summer
rapid growth and accumulation of phvto- conditions when ambient food supplies have

Bulk Salinity (0/00) Snow Depth (M) plankton occurs in this high Arctic MIZ. been shown to be necessary. It is suggested
that these individuals, spawned well in ad-

7.7 0.47 Zooplankton vance of the spring bloom of phvtoplankton.
Z nform a major part of the annual recruitment

Because the period conducive to primary to the entire population of C. glaahalb in this
FY and secondary production is greatly restricted area and that their life cycle can be complet-

in high latitudes, organisms can be expected ed easily within one vear.
to have adaptations fostering maximum pro- Neither Metrtdta longa nor Calanus Pnmar-
lduction during favorable periods. To date, chtcw laid eggs during this stud,, (S. L. Smith.
much research attention has been directed to- unpublished manuscript. 1988). To evaluate

MY 0.11 ward the metabolic changes observable in the possibility that most of the population of
crustacean plankton at the end of the brief herbivorous copepods was not vet in the up-
productive season when an overwintering or per layer in late March and early April. strati-
diapause physiology becomes evident. fled net hauls covering the upper 1500) m

Fig. 7. A comparison of the character- Much less attention has been given to adap- were conducted at several locations.
istics of first-year (FY) and multiyear (MY) tations in the life cycles of boreal-arctic crus-
ice. taceans that are associated with onset of the Not

productive season. However, it is likely that
conditions prevailing very early in the pro- MIZEX data, research reports and journal

Biology ductive season determine reproductive per- articles are being filed in the National Snow
formance, hatching success, and naupliar and Ice Data Center (NSIDC). Universit% of 3

It is well known that the MIZs are areas of growth. Therefore conditions early in the Colorado, Campus Box 449. Boulder. CO.
intense biological activity associated with season and the ability of copepods to deal tel. 303-492-5171. The MIZEX holdings in-
physical processes along the ice edge such as with them control the secondary production dex, available from NSIDC. is also posted
upwelling and mesoscale eddies. The summer of a complete annual cycle, since most of the and updated quarterl, on the OMNET Tele-
investigations in 1983 and 1984 [Smith et al., larger copepods in high latitudes reproduce mail MIZEX Bulletin Board.
19871 were continued by a similar biological no more than once a year.
program in MIZEX '87. The MIZEX '87 experiment offered the

opportunity to measure feeding and repro- Acknowledgments
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REMOTE SENSING OF THE MARGINAL ICE ZONE DURING MIZEX 83

3 tizex Remote Sensing Group*

ABSTRACT studies is the definition of those oceanic and
atmospheric processes which determine the loca-

The remote sensing techniques utilized in the tion of the ice edge, ice morphology, and defor-
Marginal Ice Zone Experiment (MIZEX) 1983 to mation within the marginal ice zone. Clearly,
study both the physical characteristics and geo- advances in the understanding of these processes
physical processes of the Fram Strait Region of are of practical as well as scientific impor-

the Greenland Sea are described. The studies, tance. The results of such studies will lead to
which utilized satellites, aircraft, helicopters, more accurate short-range forecasts of sea ice
and ship- and ground-based remote sensors, fo- movements which will contribute toward resourceI cused on the use of microwave remote sensors management, exploration, and exploitation. For
since they permit observation of ocean and ice these reasons, an internationally coordinated
surfaces through clouds, rain and snow which fre- deep-water Marginal Ice Zone experiment in the
quently occur in the marginal ice zone. Prelim- Fram Strait Region of the Greenland Sea has been
inary MIZEX '8? results indicate that remote sen- organized for the purpose of studying mesoscale
sors can provide marginal ice zone characteris- air-ice-ocean interactions in the Arctic MIZ
tics which include ice edge and ice boundary lo- (Refs. 1, 2). This experiment, begun in the
cations, ice types and concentration, ice defor- sumer of 1983, will offer a comprehensive array
mation, ice kinematics, gravity waves and swell of coordinated mesoscale ocean, ice, and atmo-
(in both the water and the ice), location of in- spheric measurements involving icebreakers,
ternal wave fields, location of eddies and cur- oceanographic vessels, ice and ocean buoys, re-
rent boundaries, surface currents and sea surface mote sensing aircraft and spacecraft.
winds.

Several of the phenomena to be studied in the MIZ
Keywords: Remote Sensing, Marginal Ice Zone, have distinct surface signatures that can be ob-
Microwave Sensors, Synoptic Coverage, Eddy Forma- served by active and passive remote sensors.
tion, Ice Kinematics, Concentration, Ice Type These include ice edge position, ice concentra-

tion, ice types, ice floe dimensions, ice rough-
ness, ice kinematics, oceanic fronts, eddies and1. INTRODUCTION upwelling areas, and surface and internal wavesboth in the open ocean and when these gravity

The Marginal Ice Zone (MIZ) is the region of the waves interact with the ice. Remote sensing is

outermost extent of the Polar Ice Field. In the the only way to obtain mesoscale, synoptic, coy-
MLZ, strong interactions between the atmosphere, erage of these phenomena at sufficiently high
sea ice, and ocean occur. Current scientific spatial resolution to provide useful information
interest in the Arctic marginal ice zone results on ice, ocean and atmospheric parameters in the
from the important influence this air-sca-ice MIZ. The remote sensing data therefore can be
interaction has on both local and hemispheric used to not only identify the ice and ocean char-
weather and climate. A central problem to MIZ acteristics of the MIZ, but to also better under-

stand the physical processes that control the
MIZ. The focus of the MIZEX remote sensing stud-

*R. Shuchman - Co-Chairman (ERIM), USA; les Is on the use of microwave sensors since they
W. Campbell - Co-Chairman (USGS), USA; B. Burns permit observation of ocean and ice surfaces
(ERIM), USA; E. Ellingsen (MTNFR), Norway; through clouds, rain, and snow which frequently
B. Farrelly (U. Bergen), Norway; P. Gloersen occur in this region of the world.
(NASA), USA; T. Grenfell (U. Washington), USA;
J. Hollinger (NRL), USA; D. Horn (MIZEX Project In spite of much research conducted with respect
Office, ONR), USA; J. Johannessen (U. Bergen), to microwave detection of sea ice during the last
Norway; 0. Johannessen (U. Bergen), Norway; decade, I.e., BESEX (Ref. 3), AIDJEX (Ref. 4),
E. Josberger (USGS), USA; C. Livingstone (CCRS), and NORSEX (Ref. S), very little work has been
Canada; C. Luther (ONR), USA; T. Manley (LOGO), done during the suer season. Many amiguity
USA; R. Markson (ARA), USA; C. Matzler (U. Bern), problems are known to exist in this season due
Switzerland; E. Mollo-Christensen (NASA), USA; to snow melt and continual freezing and refreez-
R. Onstott (U. Kansas), USA; D. Ross (NOMA), USA; ing of Ice surfaces. For example, passive micro-
S. Sandven (U. Bergen), Norway; C. Schgounn wave techniques yield good estimates of ice con-
(CNES), France; A. Stiffey (NORDA), USA; centration when the ice is frozen (Ref. 6), but
E. Svendsen (U. Bergen), Norway; G. S)yonds it Is uncertain how well this technique will work
(810), Canada; Z. Top (U. Miami), USA. for wet ice. Another exmle is the imaging
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radar observations. This technique presently and emission characteristics to sensor
provides information about the ice edge and its frequency, ice type, and physical ice
structure, as well as surface and internal waves properties (surface roughness, snow
in the ocean. However, we have not yet shown how cover, dielectric characteristics, tem-
useful the SAR is for estimating ice concentra- perature, salinity, crystal size).

tion and floe size distribution during summer
and for locating fronts and eddies in the open b. To determine whether certain ice param-
ocean off the ice edge. eters such as ice concentration, ice type

and ice roughness can be reliably ex-
The purpose of this paper is to describe the tracted from the outputs of a combination
remote sensing techniques utilized in MIZEX '83 of active and passive microwave sensors,
to study both the physical character and the geo- especially for the MIZ in sumner.
physical n'ocesses of tae MIZ. Presented in this I
paper is a background section that discusses the c. To develop new applications of remote
remote sensing systems utilized in MIZEX '83, as sensors in this zone, such as the detec-
well as the integrated measurement plan for air- tion of gravity waves as they propagate
craft, helicopter, and in situ surface-based mea- into the ice and the evolution of melt
surements. The background section is followed ponds.
by a discussion on the preliminary results of the

remote sensing analysis of the MIZEX '83 data and d. To develop models that adequately explain
a summary and recommendations section. and predict remotely-sensed electromag-

netic radiation signatures of both ice
2. BACKGROUND and ocean features.

The study of the microwave remote sensing of sea Remote sensors have proven the ability to detect
ice and oceans was initiated by NASA in the late these geophysical parameters; however, to deter-
1960's with the objective of discovering an all- mine the ultimate accuracy with which they can I
weather and day-or-night means of observing the do so is a prime objective of MIZEX.
oceans and polar sea ice canopies. Since that
time, a series of international sea ice remote Both active and passive, microwave and visible
sensing experiments have been conducted that have remote sensing systems were utilized during
improved the understanding of the microwave prop- MIZEX '83. The sensors included: imaging radar I
erties of sea ice and oceans: AIDJEX (Arctic Ice (both SAR and SLAR), microwave scatterometers,
Dynamics Joint Experiment) Pilot Experiment, 1971 visible, infrared, and microwave radiometers,
and 1972; Joint U.S.S.R. Bering Sea Experiment, AXBTs, aerial photography, CODAR, and dielectric
1973: AIDJEX Main Experiment, 1975-76; Norwegian constant measuring devices. Detailed descrip-
Remote Sensing Experiments (NORSEX), 1978 and tions of these sensors are presented in this
1979; Bering Sea MIZEX, 1983. This microwave session of IGARSS '84 by other MIZ investigators.
research has, for example, enabled investigators These sensors are used either alone or in combi-
to utilize Nimbus-5 ESMR and Nimbus-7 SMMR satel- nation and have shown the ability to provide in-
lite observations to obtain the first synoptic formation on the major geophysical parameters of I
views of the entire Arctic and Antarctic sea ice both the ocean and sea ice.
covers and to derive spatial and temporal varia-
tions of sea ice parameters (Refs. 7-Il). During Table 1 lists the satellite, aircraft, helicop-
the last decade an intensive effort has been made ter, and surface-based remote sensing instrumen-
to improve the accuracies in the measurement of tation utilized in MIZEX '83. Also included on I
these ice parameters. The above-mentioned exper- the table is the frequency of the remote sensing
iments nave also enabled researchers to utilize instrument along with the MIZ characteristic it
the Seasat Synthetic Aperture Radar (SAR) to directly or indirectly measures. The MIZ charac-
obtain ice type, kinematic, and concentration teristics, as previously mentioned, include ice
information of summer ice in the Arctic edge position, ice types and concentration, ice
(Refs. 12, 13). deformation, ice kinematics, gravity waves and

swell both in the water and the ice, location of
For MIZEX there are two specific objectives of internal wave fields, location of eddies and
the remote sensing program: current boundaries, surface currents, and sea

surface winds. Table 2 summarizes the present
1. Remote sensing as a tool - to provide base- status of algorithms that utilize remote sensor

line information on various ocean and ice data to extract ice and ocean parameters such as

characteristics required by MIZEX investi- those mentioned above. This table shows which
gators, e.g., ice edge position, ice-ocean sensor has a demonstrated or potential capability I
eddy location, positions of large leads and to observe each phenomenon.
polynyas.

The satellite systems which proved most useful
2. Remote sensing as a science - to improve our during MIZEX '83 were the NOAA AVHRR imagery with

knowledge of the microwave signatures of dif- its I km resolution and the microwave SMMR data
ferent geophysical parameters of the MIZ in from Nimbus-i. The MOAA visible and IR data
summer. This will comprise the following coverage was dependent on cloud cover, while the
elements: passive microwave data with its 25 km resolution

was collected on alternate days regardless of
a. To develop improved algorithms for ex- weather conditions.

tracting geophysical ocean and ice param-
eters from aircraft and spacecraft (where The aircraft listed on the table were utilized
available) remote sensing observations, in two types of flight plans: high-altitude with
This requires an extensive surface-based imaging radars and scanning passive microwave I
microwave program to relate scattering sensors to acquire the mesoscale sequential

1
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synoptic images of the entire MIZEX test area, and increase the spatial extent of ice edge ob-
and low-altitude with active and passive micro- servations. High resolution Synthetic Aperture
wave instruments to acquire high-resolution Radar (SAR) (i.e., 3 m x 3 m resolution) can give
transect data in selected locations within the ice edge and feature location to within I km,
test area. Thus, two types of remote sensing which is sufficient for ships to subsequently
products were generated: composite mosaic maps locate and investigate a given feature. Again,
of the entire test area and transect images and the reader is referred to other papers in this
profiles. The active and passive microwave in- IGARSS '84 Marginal Ice Zone Session for details
strumented aircraft were flown coincidently for on the SAR and passive microwave aircraft
the purpose of sensor performance comparison and systems.
validation.

In addition to the general character of the MIZ,
In order to validate the satellite and aircraft satellite, aircraft, and surface remote sensing
remote sensors, multispectral microwave measure- data from MIZEX '83 have collectively produced
ments were made by helicopter, ship, and surface- significant information on MIZ processes and geo-
based sensors. Measurements included brightness physical parameters under summer conditions.
temperature, radar backscatter cross sections, Preliminary results are available from studies
and dielectric properties for water and various of eddy formation at the ice edge, propagation
types of ice during different weather conditions, of gravity waves into the ice, ice kinematics,
Two teams took part in the ship-based measure- ice concentration, and ice type discrimination.
ments. One measurement group was located on the
ice drifting ship, PolarI orn. Their task was AVHRR imagery, similar to that shown in Figure 2,
to concentrate on detailed temporal studies of has served as a context for observations of
selected ice types. A second group was placed oceanic eddies made during MIZEX '83. The AVHRR
on an ice edge ship, Polarstern. Their task was image used is a combination of a visible light
to study different ice types as the ship made image (c.f. Figure 2), which shows the sea ice,
transects into the ice. Helicopter-borne instru- and an infrared image which shows sea surface
ments linked both mesoscale programs and provided temperatures. Surface patterns on the image in-
high mobility to study ice conditions within the dicate the presence of edge eddies over the

experimental region. Molloy Deep, a topographic feature (depression)
at approximately 79 15'N O0E, as well as the ice

Surface-based measurements were made of physical- drift and ice edge deformation due to combined
electrical properties of various ice and snow effects of waves and eddies. Eddies in this area
types present at the active-passive measurement have been observed previously (Refs. 14, 15) and
test sites to help in understanding the microwave appear to be topographically controlled and baro-
interaction processes involved. Physical prop- clinic in nature. Evidence in the image of shear
erty information acquired included small-scale instability waves breaking at the eddy boundary
surface roughness, snow wetness, grain size, indicates that the eddy circulation is counter-
salinity distribution, temperature, snow thick- clockwise, in agreement with conservation of
ness, ice thickness, and scatterers in the ice. angular momentum when a water column is stretched
Dielectric measurements were made to describe vertically when moving over the Molloy Deep.
various ice types at X-L-C bands and 13.7 GHz.
Scenes of special interest included surfces The eddy feature is further confirmed by the

which had melted and refrozen, ice ridges, multi- temperature, salinity and density fields obtained
year, first-year and thin ice of various thick- from ship and AXBT observations. The current
nesses, and melt ponds and open water under calm calculated from the ship density field data gives
and windy conditions. further confirmation of the presence of a coun-

terclockwise circulations with velocities on the
3. PRELIMINARY RESULTS order of 25 cm/s. This eddy feature was also

observed on the SAR image as an area of reduced
Remote sensing imagery obtained during MIZEX '83 backscatter. The remote sensing data from both
from both aircraft and satellite sensors provided satellite and aircraft complements the ship data
synoptic information on ice location, ice edge by showing the extent and surface shape of the
features, and the regimes of ice conditions eddy.
within the MIZ. Scanning Multichannel Microwave
Radiometer (SIMMR) and Advanced Very High Resolu- The SAR image obtained on July 6, 1983 (Figure
tion Radiometer (AVHRR) images from satellite 3) shows distortions of the ice field by nearby

(see Figures I and 2) show the general location eddies. Such ice edge features were also de-
of the ice edge and ice edge features in the en- tected in SAR imagery collected during NORSEX
tire Greenland Sea. This imagery is invaluable (Ref. 5). The convoluted ice edge results from
for monitoring the temporal evolution of the MIZ eddies of scales ranging from 5 to 20 km in diam-
and providing a synoptic context for phenomena eter. The ice edge shape implies that the eddy
observed in the field. The AVHRR data were also circulation is counterclockwise. The ice edge
useful in determining meteorological conditions responds both dynamically and thermodynamically
over the experiment area as well as discriminat- to the presence of eddies. Regions within the
ing large ice floes (i.e., 5 km or larger). Ex- eddies where the water flows towards the ice edge
tensive studies of the MIZ using these two satel- from the open ocean have well-defined ice edges,
lite sensors are reported as companion papers in while outflow regions are characterized by dif-
this Marginal Ice Zone Session of IGARSS '84. fuse ice boundaries. The warming water flowing

in under the ice causes rapid melting, and fur-
Passive microwave and radar imagery from aircraft ther cause ice edge distortions by making ice

sensors also provide a synoptic view, but on the disappear. In the outflow region, the cold melt-
100-200 km scale of the experiment itself. By water insulates the ice from melting and the ice
collecting this imagery over a period of Oays, can be carried a significant distance away from
it is possible to also monitor temporal changes
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the pack over the warmer underlying water, giving concentration are still possible. Given the
the diffuse ice boundary shown in the figure. synoptic nature of the SAR coverage, these rela-

tionships can be exiended to other parts of the
The high resolution SAR images also provide grav- MIZ to obtain ice concentration estimates where
ity wave information. Gravity waves were suc- no surface truth is available.
cessfuily observed on 6 July. These waves had a
wavelength of 100 m in the open ocean and propa- Active and passive microwave and visual observa-
gated approximately 3 km into the ice before they tions made from surface platforms provided de- I
disappeared in the SAR image. In general, the tailed information on ice type characteristics
peak wavelength increased as the ice attenuated in the summer MIZ. In the summer, as well as
the wave energy. during other seasons, it is important to be able

to identify open water, multi-year ice (3 meters
Ice kinematics were also studied during MIZEX '83 or greater thickness), thick first-year ice (2 m
using satellite located buoys, radar transponders meters or greater thickness), thin first-year ice

deployed on ice floes and by synthetic aperture (less than a 1 meter thickness), and floes that
radar. The ERIMICCRS SAR aircraft produced have undergone considerable deformation. The
X-band images of the ice with a sufficiently high marginal ice zone observed during MIZEX '83 was
resolution for individual ice features to be characterized primarily by floes which were small
recognized. Using SAR data collected approxi- in size, typically less than 200 meters in diam-
mately 48 hours apart on 4 and 6 July, a detailed eter, showed many degrees of deformation, and had
description of ice kinematics was derived. The a heavy snow cover, except for thin first-year
SAR analysis indicated the ice had moved approxi- ice. The microwave response was greatly influ- m
mately 10 km in a generally NW direction during enced by summer melt because of the significant
the 48-hour period. These results compare very changes in physical and electrical properties.
favorably with the buoy and transponder data. Flooding of the ice sheet with fresh water and

flushing the brine out of the upper layers of the
Spatial variations of the ice within the ice edge ice sheet causes multi-year and thick first-year I
are also portrayed in the remote sensing imagery. ice to become physically and electrically very
Specifically, ice concentration estimates were similar. The well-documented winter-spring-late
obtained from passive microwave imagery from the fall active/passive microwave response did not
satellite SMMR (Figure 1) and from the NRL P-3 extend into summ her. Thick first-year and multi-
aircraft sensor. Passive microwave techniques year ice responses were very similar and did not I
for determining ice concentration are well es- show the contrast found under cold conditions.
tablished and are based on the large emissivity Thin first-year ice was seperable, especially at
differences between open ocean and sea ice. The longer wavelengths, from the other ice types,
MIZEX '83 analysis has shown that SAR also can except when covered by an atypical heavy I
provide ice concentration information, in this snowpack.
case by exploiting roughness differences between
sea ice and open ocean. The ability to discriminate was also dependent

upon the condition of the snowpack. Snow becomes

Routine observations of ice conditions from heli- very lossy when wet, and only a few centimeters
copter and Polarstern indicated three main and a small percentage wetness are required be-
regimes of ice conditions within the drift phase fore the response of the snow dominates. The
experimental area: a 1-5 km brash ice band of microwave response of the ice is then masked, and
high concentration (10/10) just within the ice the contrast between multi-year and thick first-
edge; a region of extremely homogeneous consoli- year ice becomes significantly reduced. Three m
dated ice with a concentration of 8/10; and at major scenes were found to be discriminatable:

approximately 40 km from the edge, an abrupt ice with snow, ice with old snow (firn) which has
change to a much less homogeneous region with recrystalized into a dense material, and ice
concentration of 9/10 containing vast floes (>4 without snow. Since first-year ice typically had
km). a thin layer of firn, it was discriminatable from

the other ice types and this ability improved

These regimes appear to correlate closely with with increasing wavelength, such as at 25 cm.
tonal and textural characteristics of the SAR
image shown in Figure 3. The track of Polarstern 4. SUMMARY AND RECOMMENDATIONS I
through this area is indicated on Figure 3, as
are the Polarbjorn 'drift ship) and four Argos An ensemble of satellite, aircraft, helicopter,
buoy positions. Comparison of ice observations ship, and ground-based remote sensors were util-
made at the stations with the SAR imagery indi- ized in MIZEX '83 to study the physical charac-
cate that in regions dominated by ice cakes and teristics and geophysical processes of the FRAM I
small floes (<iO0 m), which are unresolved by the Strait Region of the Greenland Sea. To date, the

SAR, gray tone is closely related to ice concen- sensors that have proved most useful for Marginal
tration with low concentration areas relatively Ice Zone (MIZ) studies include the NOAA-8 AVHRR
dark and high concentration bright. Medium and and NIMBUS-7 S*MR satellite sensors and the ac-
larger floes (>100 m) are increasingly resolved tive SAR and passive microwave aircraft systems.
by SAR thus showing their individual surface tex- The satellite systems provide synoptic coverage
tures which are to some extent closely related of the entire Greenland Sea with specific details
to the stage of development of the ice (ice on the ice edge location, and in the case of SW4R
type). Because of this influence of individual additional information pertaining to ice type and m
surface features on the gray tone in areas of concentration. The higher resolution AVHRR data
larger floes, the overall gray tone is no longer were useful in providing meteorology as well as
a measure for ice concentration. But as all mapping out the structure of ice edge features.
openings within the ice (fractures, leads,
polynyas) can easily be distinguished from the The aircraft data provide 100-200 km synoptic I
lowest backscatter pack ice, estimations of ice coverage with significantly more detailed ice

I
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information than the NOAA-8 and NIMBUS-7 satel- 3. Gloersen P et al 1975, Variation of Ice
lites. The aircraft data have been shown useful Morphology of Selected Mesoscale Test Areas
in providing infomation for ice edge location, During the Bering Sea Experiment, in USSR/US
ice type identification, detection of gravity Bering Sea Experiment: Proceedings oT-Eh-
waves in the ice, ice morphology as a function Final 54mposium on the Results of the Joint
of distance from the ice edge, location and areal Soviet-American Expedition, Leningrad,
extent of melt ponas, ice roughness, ice concen- 12-17 May 1974, K. Ya. Kondratyev, Yu. I.
tration, ice temperature, and ice dynamics. Rabinovich, and W. Nordberg, eds.,
Ocean information that can be provided by the pp. 196-218.
aircraft remote sensors includes: ocean eddy
and frontal mapping, gravity wave measurements, 4. Campbell W J et al 1978, Microwave Remote
synoptic measurement of currents, sea surface Sensing of Sea Ice in the AIDJEX Main
temperature, and measurement of small-scale Experiment, Bound. Layer Meteor., 13,
ocean surface roughness. pp. 309-337.

The ship and surface-based measurements were ex- 5. NORSEX Group 1983, The Norwegian Remote
tremely useful in validating the satellite and Sensing Experiment in a Marginal Ice Zone,
aircraft data by determining the physical basis Science, 220, pp. 781-787.
for features observed by the remote sensors, as
well as determining optimum active and passive 6. Svendsen E et al 1983, NORSEX II: Evalua-
microwave sensor system parameters for future MIZ tion of the Nimbus 7 Scanning Multifrequency
data collections. The focus of the MIZEX '83 Microwave Radiometer for Sea Ice Research,
remote sensing was on microwave sensors because J. Geophtys. Res., 88, pp. 2781-2792.
they permit observation of the MIZ through
clouds, rain, and snow independent of solar 7. Gloersen P et al 1978, Time-Dependence of
illumination. Sea Ice Concentration and Multiyear IceFraction in the Arctic Basin, BoundarY-LaYerThe analysis to date has not addressed the cen- Meteorol., Vol. 13, pp. 339-36.-

tral question of the ultimate accuracy with which
the individual remote sensors can detect MIZ 8. Campbell W J et al 1983, Aspects of Arctic
characteristic nor has the analysis intercompared Sea Ice Observable by Sequential Passive
the active and passive microwave aircraft sensor Microwave Observations from the Nimbus-5
and aerial photography. The active and passive Satellite, in Arctic Technoogy and Policy:
microwave data have also not been combined to An Assessment and Review for the Next
assess whether a combination active/passive Decade, Hemisphere Publishing Corp.,
approach yields more detailed and accurate MIZ CmiSdge, Mass.characteristics.

9. Gloersen P et a] 1983, A Summary of Results
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jFigure 1. NIfS-7 SWr imagery frou 6 July 1983
portrays variat s i ie con.centra-
tion across the experiental area Figure 2. Large floes in the East Greenland
(shown in outline) and throughout the current are clearly discerned in this
Frm Strait region of the Greenland NOAA-8 AVHRR visible image obtained
Sea. Concentrations at 4 percent in- 11 July 1983. Cloud cover over the
crments were derved from the 18 GHz experimental area shomw in outline on
channel of the SMW. For orientation, the image is representative of condi-
Svalbard lies at the SE corner of the tions during NIZEX '83 and emphasizes
experiment area. the utility of microwave sensors in

this experiment.
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"Figure 3. Tne SAR L-band mosaic obtained on I6122 f 6 July 1983 Illustrates the sharp
ice edge definition and discrimi-nation of regimes of different ice
conditions within the MIZ achieved
with SAR data. Positions along
Polarsterns 6-7 July transit
into the ice are indicated by o;
Polarb orn A and 4 Argos buoy 13,"positions on 6 July at the time of
the SAR overflight are also

-* indicated.
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Reprinted from PROCEEDINGS OF OCEANS '90,
Washington. D.C., September 24-26, 1990

THE USE OF SYNTHETIC APERTURE RADAR TO MAP THE POLAR OCEANS

R.A. Shuchman

Ocean Science Program Office
Environmental Research Institute of Michigan

Ann Arbor, MI 48107 USA
(313)994-1200 Ext. 2590

ABSTRACT concentration estimates (the percentage of sea ice
Synthetic aperture radar (SAR) is useful in to open water within a given area), ice floe size

providing high resolution information on the polar distributions, open water lead locations, and ice
oceans. The information provided by the SAR type classification maps. The SAR has also been

includes: ice edge, ice type, concentration, demonstrated to be useful to map eddies at the ice
kinematics, location of eddies, and detection of edge, measure waves propagating into the ice pack,
icebergs. Additionally, the SAR can be used to and detecting icebergs. The tremendous amounts of
detect gravity waves both in the ice and open imagery which will be produced suggests the need
ocean as well as providing estimates of surface for automatic and near real-time processing
wind speeds. algorithms to acquire the desired geophysical

A series of experiments involving multi- information2 .
frequency and polarization SAR aircraft in the In this paper we will first describe a series
Greenland Sea has provided a wealth of SAR sea ice of experiments in the Greenland Sea that utilized

data. This data collected largely over the SAR to study the polar oceans. This will be
marginal ice zone (MIZ) from 1983 - 1989 has been followed by specific examples of geophysical
used to develop and test SAR polar ocean information extracted from the SAR.
algorithms. These algorithms will then be used to TABLE 1. Sumuery of SAR Satellite Systems to be

analyze SAR satellite data collected over the Launched in the 1991-2000 Time Frame

polar regions. RESOLUTION
FREQUENCY/ SWATH LAUNCH

Keywords: SAR, MIZEX., SIZEX, CEAREX, ocean QL COUTX 2B1T PLARIZAT[G WIDTH OAT[
waves, ice concentration, eddies, ice edge, and Earth Resource ESA" Polar C-Sand (VV) ZSm/IOkm March
sea ice. Satellite (ERS-1) 1991

Japanese Earth Japan Polar L-Sand (HM) 2•O/100km 1992
Resource satelIIte

1.0 INTRODUCTION (JERS-Z)
By the turn of the century large amounts of RADARSAT Canada Polar C-Sand (VV) ?25/ISOkm 1994

synthetic aperture radar (SAR) imagery of the
polar regions will be available. This data will Shuttle Imaging US 60"lncl. X-C-k-Sand 25m/aSu 193

come from a series of satellites: European ERS- adar SIR-CIX-SAR (palarimtric) 1994
1, RADARSAT, Japanese ERS-1, SIR-C/X-SAR, and EOS
(see Table 1). SAR is an active microwave sensor, Earth Observing US Polar X-C-L-Sand 20-250m 2000Satellite (EOS) (Polarimetric) S0-450ke

and as such, permits observations of the polar SaSAt
oceans and sea ice through clouds, rain, and snow
independent of solar Illumination. An additional
attribute of SAR is its fine spatial resolution European Space Agency

(3-25 meters). SAR utilizes Doppler information'i to synthesize its antenna, thus the azimuth or 2.0 GREENLAND SEA DATA SETS
along track resolution is independent of the A series of remote sensing experiments

distance to the terrain being imaged. The fine utilizing aircraft SAR occurred in the Greenland
range or cross track resolution is typically Sea (Figure 1) from 1983 through 1989. These
obtained through FM or chirp modulation'. activities included: 1) the Summer 1983/1984 and

Also, currently being planned with the Winter 1987 Marginal Ice Zone Experiments (MIZEX);
satellite launches is the SAR Alaska Receiving 2) the 1989 Norwegian Seasonal Ice Zone Experiment
Station which will be able to rapidly produce SAR (SIZEX); and 3) the 1988/1989 year long
images using data from these satellites. These Coordinated Eastern Arctic Experiment (CEAREX).
high-resolution images will contain geophysical SIZEX was a part of CEAREX but is identified
information of value to climate researchers, separately because the 1989 activity (Phase-I) was
oceanographers, ship navigators, and offshore a European Space Agency (ESA) ERS-1 prelaunch
drilling platform operators which include ice investigation.
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m
of the ice edge, eddies and ocean fronts. The
"ship would then proceed to the SAR identified
areas to collect sea truth. The data was also
used to select sites for detailed active and
passive microwave measurements and
characterization of physical and electrical 3
properties of the ice and snow. In addition to

I 'being down-linked, the SAR data was recorded on-
.I. , "board the aircraft on high density digital tapes. m

Later analysis of this digital data enabled
extraction of MIZ geophysical information. The W
MIZ geophysical information extracted solely from
the 1987 SAR data set included; ice edge, ice
type, gravity wave propagation into the pack, ice

4, -• •kinematics, ice concentration, identification of 1
leads, and some information on floe size

5
distribution

Area The sea ice forms present in the Greenland Sea
FigureI. Operatlon AreMIZEX operations area included: open water; open

The marginal ice zone (MIZ) is the region of water with grease ice streamers; new ice (5-8 cm
the outermost extent of the Polar Ice Field. In thick); first-year ice (20-40 cm thick); first-
the MIZ, strong interactions between the year ice with rubble (.60-1.5 m thick); and
atmosphere, sea ice, and ocean occur. Current multiyear ice (2-4 m thick). Large expanses
scientific interest in the Arctic MIZ results from (200,00 km2) of new nilas sea ice (5 cm thick) I
the important influence this air-sea-ice forms in the Greenland SEA as a result of
interaction has on both local and hemispheric oceanographic upwelling of cold water interacting
weather and climate. A central problem to MIZ with cold (<10-*C) northerly polar winds. This
studies is the definition of those oceanic and rapid ice formation is referred to as the Odden I
atmospheric processes which determine the location and is discussed in Ref.6 . The nilas transitions
of the ice edge, ice morphology, and deformation into pancake floes (10-15 cm thick due to
within the MIZ. Clearly, advances in the continued growth and wave action.
understanding of these processes are of practical CEAREX was a year long scientific effort I
as well as scientific importance. The results of involving both Remote sensing and in situ
such studies will lead to more accurate short- measurements of oceanographic, meteorologic,
range forecasts of sea ice movements which will electromagnetic, and acoustic properties of ice
contribute toward resource management, and open water in the Arctic. Throughout the
exploration, and exploitation. For these reasons, experiment scientists stationed on board the ice
an internationally coordinated deep-water MIZEX in strenqthened MAVPolarbiom and at Svalbard and
the Fram Strait Region of the Greenland Sea was Andoya utilized observations made from teal-time
organized for the purpose of studying mesoscale SAR data to plan successive SAR missions and
air-ice-ocean interactions at this Arctic MIZ 34 . select areas of special interest for intensive I
This series of experiments, begun in the Summer of study and sea truthing.
1983, offered a comprehensive array of coordinated As a part of CEAREX, three SAR collections were
mesoscale ocean, ice and atmospheric measurements executed. In February, the Canada Centre for m
involving icebreakers, oceanographic vessels, ice Remote Sensing (CCRS) X- and C-band SAR system was U
and ocean buoys, remote sensing aircraft and utilized to collect data that was simultaneously
spacecraft. During the Summers of 1983 and 1964, being sea truthed by researchers on board
extensive SAR data sets were collected and Polarbjom. These flights took place in the
analyzed. Barents Sea in support of SIZEX Phase-I.

MIZEX '87 occurred in the Greenland and Barents During the March and April deployments of
Seas and combined observations from both remote Polarbjom the NADC/ERIM P-3 X-, C-, and L-band
sensing and in situ data collection to provide an SAR system was utilized in support of SIZEX Phase
integrated approach to the study of winter II. This aircraft was also uses in April to
marginal ice zone conditions. Favorable weather collect three data sets over the ice based
permitted 18 consecutive days of SAR coverage and acoustic and oceanography camps. In addition,
field operations. Each mission covered areas surrounding Polarblorn were images while in
approximately a 200 x 200 km area surrounding the transit in support of the eddy biological cruise. 3
ice strengthened vessel Polar Circle. The SAR Table 2 is a listing of all SAR flights carried
system, with its high resolution (15 x 15 m), out in support of CEAREX.
clarity of image and real-time availability,
proved to be a powerful and efficient tool to aid
in the planning and carrying out of field 3.0. EXAMPLES OF SAR DERIVED SEA ICE GEOPHYSICAL Iexperiments. VALUES

MIZEX '87 was the first international Sea ice type or thickness and age are extremelyexperiment having daily SAR coverage with real- important parameters to measure and study in the
time imagery down-linked to the ships in the polar oceans. Ice strength is dependent upon age m
field. This imagery was used on-board Polar Circle and thickness, and the distribution of ice
to identify areas of interest such as the location thickness is important in climatic studies.
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ice and open water without wind. Multiyear ice ,-. .o, - - --

(i.e. ice that has survived a summer melt) can be " "
mdistinguished from first-year ice by its greater -- - . 51

thickness (>•23m versus < 2.5 in), its lower _ I
salinity ( < 2.5 °/00 versus > 7.7 0/00) and - ..

thicker snow cover ( > 0.2 m versus <0.2 in). The • 3o -, - o ...... ) EXIXES( . ' .....
mlyerrt nisafunction of surface and *5111., C".

volume scattering since the low salinity allows ;I , a ,0,,,, • ,
P63i int CIL L ice sheets whereas snow-free , .7 1 9 '0 ',

Socean backscatter is dominated
i surface (i.e., both are

high loss materials). Frequency Dependence of the BackscatterCoefficient for Two Incidence Angles, (a) 300
and (b) 40. Theoretical o for Multiyear and

FI-R.•,•, • ,sTv. YEARwr• First-Year Ice Under Normal (b) and Extreme

h- ~ ~ ~ ~ ~ ~ ~ .UT[AC IUYYo -4--- ---- PN AE c3Cniin

m LOW SALmNITY HiGHcSALeNIaY HiGH-InOSS( n

LOW- rLOSS HIGH-LOSSVOUME.c suRFACE SURACE However, in the spring and summer discriminatingSCcATTRIN SCATTfRImNGtiyest-year from multiyear becomes difficult due to
icefree-water in the snow and within the surface of

d i ithe ice (also see Figure 3). The free-water

ththees voum sctern whc ditnuse thes . misoe

prevents significant microwave penetration; thus,

thicker• sno cove vou( sctern 0.2c mitnuse vess<02he h 0 LMO

mmultiyear ice return is not present. The only SAR

nrOGEsatellite in space operated at 1-band. It provedFigure 2. to be poor at differentiating the desired ice

Conceptual Illustration of the SAR types. The next scheduled SAR satellite will be
Microwave Return launched in 1990 and will operate at C-band (5.25

I GHz; 6 cm).MIZEX 1987 X-band (3 cm) SAR data collected by
In order to use satellite and aircraft SAR data the Intera STAR-i and -2 systemnss? durinq March

to estimate ice types and their respective and April (i.e., winter conditions) was used to
mconcentrations, algorithms for use on microwave quantify the ability of SAR to distinguish ice

data have been recently developed and improved, types found within the MIZ. Thirty-three areasIMajor advances have been made in establishing sea within the MIZEX '87 X-band SAR ice image shown inice type and concentration because microwaves Figure 4 Were selected for statistical analysis.
penetrate clouds and large areas can be covered Standard statistics (i.e., mean, standardrepeatedly. Algorithms that differentiate first- deviation, variance, skewness, and kurtosis) were

year and multIyear ice are not always accurate generated on these areas and combined into the

because radiometric properties change when seven water and sea ice catagories identified oninfluenced by melting, wet snow, or water on the Figure 4 and presented in Table 3. The SAR data

Iice surface. is seven-look and using an equation of Burns andSMultyear and first-year ice can be Lyzenga et al., the variance due to speckle can
distinguished in the winter independent of be removed, leaving just the spatial variation of
frequency (C-, X-, and Ku-band; Figure 3). the scatterers. To illustrate this, Figure 5
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RTAR..2 Extensively "Sea-Truthed" H'igh Resolution Imagery. Letters A through GI

Correspond to the Seven Open Water and Sea Ice Types Found Within This Test Area.
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Table 3 MIZEX '87 SAR Clutter Statistics - Averaged Values for Similar Areas
6 April -Mission 15

shows the data from Table 3 plotted in dlB. The
boxes in Figure 5 represent the means of the categories F through G have none. The relativity
classes and the extent of the error bars are higher spatial variation of catagories B and C are
determined by adding and subtracting the standard thought to be due to the effects of rubble on the
deviation of the spatial variations (i.e., with surface. This suggests that automated techn 'ques 3
the speckle component rem~oved) to the mean values, utilizing SAR texture information (i.e., the5
Note that categories A through E have a spatial variations) may prove useful in sea ice

;iqnificant amount of spatial variation, while rlassifiration~



I
Examination of Figure 5 reveals that in general ................

categories A and C through G are separable
indicating that multiyear ice can be differen- 1, U 10 35 0
Liated from first-year ice with rubble, thick and -t____ . . . . .
thin young ice, and open water on the X-band (9.8 1 ? 20 Is I' 20

GHz) SAR data. Category B which included a - -mixture of multiyear, first-year and open water IY iG 9 ,, 15 , 1) 2 )11,
was not separable due to the mixed nature of the
category. The grease ice area had a lower return on N1 G IS 10 4, 7

than the ice free open water suggesting the grease 3_ ___ice dampened the capillary waves which made the Ilco. I14 3 3 3
surface appear smooth to the radar. I
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hA •Table 4.
20 MeanValue Scatterometer and SAR Values at 400 Incident

- Angle for Four Catalogues of Sea Ice
l5 Referenced to Open Water

into the eddy regions. For example, a high-
o .. resolution SAR mosaic collected on 5 July 1984

A a C G' £(Figure 6) clearly shows detailed surface
IceType structure of an elliptically shaped eddy (El) on

the scale of -30km. Figure 7 is an oblique aerial
Figure 5. photograph taken of this eddy from the CV-580.

Because winds were light, the sea ice floe-size
SAR Mean Backscatter at 400 Incident Angle distribution of 50 to 500 m reflected the upperfor Sea Ice and Open Water ocean circulation. The orbital motion of the eddy

was cyclonic, while the spiral motion of iceThe SAR values for multiyear, first-year with toward the center indicated an inward frictionallyrubble, first-year without rubble and thin new ice driven radial motion. The ice concentration waswere then compared to the ship based (Polar Circle) more than 80% at the center of the eddy. Thisscatterometer measurements made at 1, 5, 10, 18 implied that there was convergence, and thatand 35 GHz (see Table 4). The standard deviation ageostrophic effects are important and must beof the scatterometer data is approximately ±.5 dB. included in realistic models of these eddies'"'.
Examination of Table 4 indicates that the SAR A second eddy (E2) was seen south of El. Slicksand scatterometer measurements made at 10 GHz were and bands of ice were also identified thatsimilar. In general, as the frequency increases indicated internal wave activity. The area markedthe ability to separate multiyear from first-year "band of dead water" off the ice edge was aice also increases. The opposite trend occurs distinct meltwater zone. A detailed

with decreasing frequency. L-band (1 GHz) which interpretation of the SAR mosaic describes the
is dominated by volume scattering and the effect location of large individual floes, polynyas, iceof topography has similar signatures for multiyear concentration estimates, the ice edge and floeand first-year. C-band (5 GHz) appears to produce size distributions (see Figure 8)`0.1 . Fully
signatures that are very similar to X-band (i.e., automatic algorithms have recently been developed
volume scattering from bubbles dominates the which can produce sea ice type classification andreturn from multiyear ice). concentration maps from SAR data 2"'. The sea iceAn important area for exchange of heat and mass type classification algorithm uses local
between the Arctic Ocean and the North Atlantic is statistics to determine ice type boundaries, andthe Fram Strait area of the Greenland Sea. As the ice concentration algorithm iterativelydiscussed previously, the Fram Strait area has decomposes the histogram into ice and waterbeen the site of three major MIZEXs conducted in statistical values.1983, 1984, and 1987. At the Greenland Sea MIZ SAR images collected six days apart over the3 the northward flowing warm North Atlantic current same area provide information regarding to the
and the cold southward flowing Arctic water meet dynamic processes in the MIZ. Figure 9 shows the
at the pack ice edge and form a series of eddies. analysis of two SAR images collected six days

Among the objectives of the MIZEX program was apart (30 June and 6 July 1984) and the
to study the ice edge position, ice kinematics, transformation of a relatively north-south iceice concentration, ice types, locations of eddies, edge to a convoluted, meandering ice edge. Theseice physics, ice thickness, ridges, ice floe meanders result from the complex interactionsdistribution, leads and polynyas. A SAR system along the boundary between the rapid southward
housed in a CV-580 aircraft was used in 1983 and East Greenland current, warm northward-flowing
1984 to provide information on the variables. Atlantic waters, and highly variable winds. IceAdditionally, the all-weather SAR was used in a edge meanders may play an important role in thereal-time mode for guiding the research vessels generation of ice-ocean eddies because they
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provide the initial perturbation in the Ekman of wave penetration into the ice. Lyden et al.,"transport field that eventually results in eddies. has utilized SAR data and standard FFT techniques mThese edge features are composed of ice floes to observe 230 m wavelength surface swell,

ranging from 50 to 500 m in size, which are the generated by a passing meteorological lows several
result of gravity wave-ice interaction and eddy- hundred kilometers away, penetrating over 200 km
induced floe collisions that break up large floes, into the pack before significant decay occurred. I
Under moderate wind conditions the ice in these SAR has also been shown useful in detecting
meanders reflect the ocean circulation because the icebergs both within the pack as well as floating
individual ice floes act as Lagrangian drifters in the open ocean. The ability of SAR to detect
moving with the current. This is particularly icebergs is a function of the frequency, I
true in the summer season, when the winds are polarization, and incident angle used. Icebergs
normally light (less than 4 ms') and there is no imaged in the open ocean under high winds at steep
new ice forming that would freeze floes together. incident angles appear as dark objects in a bright

The sequential images also give ice drift sea, while conversely in the same sea at large
kinematic data. The ice drift vectors were incident angles (i.e., grazing) the bergs arederived by locating the same floe in images on 29 bright targets in a dark background.

June and 6 July. Three regimes of floe drift Unfortunately, the cross-over angle for this
occurred during this 7-day period. First, the bright/dark imaging phenomena is approximately 20-
floes at the edge moved fastest, an average 30" the angle most free flying satellite SAR's m
distance of 75 km (12.5 cms") in a south-westerly operate. Icebergs in an ice field exhibit similar
direction parallel to the ice edge. Second, floes characteristics as in the open ocean case, however
west of 2"E, at distances greater than 40 km from the ice field provides a bright background over
the edge, moved approximately 45 km (7.5 cms") to all ranges of incident angles. m
the south'°. Finally, in the region near the Ri/V
Polarqueen, the ice drift was only 15 km (2.5 4.0 CONCLUDING REMARKS
cms') to the southwest. The analysis of the SAR aircraft data collected

The decrease in speed and the change in during the Greenland Sea Experiments indicate the
direction of the ice floe drift across the MIZ following:
results from different forces acting on the ice in 1. SAR imagery collected during winter permits
the interior and at the edge. The interior, with differentiation between first-year ice,
greater ice concentration and larger floes, is multiyear ice, and many stages of young ice;
more strongly influenced by internal ice stress 2. SAR mosaics can also be interpreted to obtain
than the ice edge, which normally has lower ice ice concentration and floe size distributions;
concentrations and smaller floe sizes. The wind 3. Sequential SAR images can be used to provide
force also varies across the MIZ because the edge detailed ice kinematics information;
region, with smaller floe size and lower ice 4. SAR imagery can be used to detect surface
concentration, has a greater roughness than the expressions of eddies both in the open ocean
interior. The third feature, the region of and within the ice pack;
dramatically reduced ice drift, occurred at 5. SAR imagery permits the tracking of ocean waves
precisely the same time and location at which an both outside and propagating approximately 200
ocean frontal meander was observed in the dynamic km into the ice pack
height topography's. Furthermore, the drift of a 6. SAR imagery shows internal wave features
sound fixing and ranging (SOFAR) buoy at a depth beneath the ice pack; and
of 100 m through this anomalous ice drift area 7. SAR imagery mapped an ocean polar front and
showed that this meander was a cyclonic ocean small icebergs in the Barents Sea. 3
eddy. The location and size of this eddy was such Digital techniques to provide the SAR derived
that its circulation was opposed to the general geophysical products are rapidly maturing and will
ice drift direction, which reduced the ice drift be "on line" for use with the ERS-! satellite U
velocities. Hence, the eddy slowed the ice drift system. Work continues to improve the computation I
in one region, changed the drift direction in the times required to exact the desired information.
other region, and possibly augmented the drift to A number of free-flying SAR satellite systems
the north. will be launched during this decade. These

Surface waves are a major factor determining systems used synergistically with mesoscale arctic
the structure of the ice in the MIZ. As the waves and antarctic models will provide sufficient data
propagate through the ice field from the open to map the dynamics of the poles.
ocean, they are scattered and attenuated by the
ice floes. Only the long-period swells propagate
more than a few kilometers into the ice;
therefore, the breakup by short waves is most
effective near the ice edge. The longest swells 5.0 ACKNOWLEDGEMENTS
from storms can penetrate in excess of 100 km into ERIM wishes to acknowledge the Office of Naval
the ice and can break up larger floes through Research (ONR) Contract #N00014-81-C-0295 for
flexure for tens of kilometers. The decay supporting this work. The ONR Technical Monitors
coefficient varies approximately as frequency were Thomas B. Curtin and Charles A. Luther.
squared, so the shorter waves are damped more
quicklyle. The result is a floe size distribution
in which the maximum floe size increases within
the pack. Airborne SAR can provide observations
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RADAR BACKSCATTER OF SEA ICE DURING WINTERI
Robert G. Onstott and Robert A. Shouchman

Radar Science Laboratory
Advanced Concepts Division

Environmental Research Institute of Michigan
Ann Arbor, MI 48107 USA

ABSTRACT 2. SENSOR AND EXPERIMENT DESCRIPTION

Active microwave measurements were made during Two radar scatterometers were operated during

the 1987 Marginal Ice Zone Exoeriment (MIZEX). this Investigation: one from the Norwegian Ice
Backscatter data were acquired at frequencies from strengthened ship, and a second from a small
1.25 to 35 GHz, at incidence angles from 0 to 80 helicopter. Ice and ocean data were collected from
degrees, and with linear antenna polarizations, the ship during transects through the MIZ. During
The objective was to make descriptions of the the times the ship was held against ice floes,
scattering coefficients of the major ice types in detailed surface measurements were made. These
the region and to study the winter conditions and included radar backscatter cross sections (ERIM),
their influence on the microwave response. Results brightness temperatures (University of Washington),
show that multlyear and pancake ice produce strong Ice and snow characterization (CRREL. ERIN, and

backscatter, while returns from open water between University of Washington) and dielectric properties

floes and new ice are weak. First-year ice has a (ERIM). Measurements were made to study the

wide range of returns: when the surface is smooth temporal changes in the properties of the various

returns are weak, and if roughened, i.e., like ice types and to examine the variety of ice

pancake ice, the returns increase substantially. conditions in the MIZ. Floes were selected using
the SAR downlink data. The floes selected from the
SAR data were representative of both typical and

Keywords: Backscatter, Sea Ice, Radar, anomalous conditions in the immediate region about

Scatterometer the ship. The helicopter scatterometer made
measurements at these floes and extended the
detailed local measurements to the regional
measurements made by the SAR. The helicopter-borne
scatterometer was used to link the mesoscale
programs and provide the high mobility needed to

1. INTRODUCTION study Ice conditions throughout the experimental
region.

Radar backscatter data were acquired from the
ice-strengthened ship H/V POLAR CIRCLE which was
positioned In the Fiam Strait marginal ice zone Surface measurements were made of the physical-

(MIZ) during March and April 1987. These measure- electrical properties of various Ice and snow types

ments were coordinated with those of an aircraft present at the remote sensing test sites. Physical

equipped with synthetic aperture radar (SAR), property information acquired Includes temperature

satellite sensors, surface-based passive microwave profile, small-scale roughness of surfaces and

radiometers, and detailed ice characterizations, layers, salinity distributions, thickness, density,

Synoptic coverage by satellites, higher resolution snow grain size, snowpack construction, snow-ice

100 km x 100 km coverage by aircraft SAR, local Interface descriptions, Ice sheet construction, Ice

area coverage by the helicopter scatterometer, and sheet discontinuity profile (scatterers In the ice

very detailed local coverage from the ship were sheet such as air bubbles), and Ice sheet

Integrated with success. freeboard. Dielectric constant measurements were
made using coaxial resonators and cavities atI approximately 1, 5, and 10 G~z.

The MIZEX '87 winter campaign was of great

Interest because well-coordinated measurement
programs have been directed at other seasons but The ship-based sensor shown In Figure I Is a

nevpr In the winter in the Fram Strait. A winter millimeter wave radar and was mounted on the wheel

experiment allowed us to examine the seasonal house deck, approximately 15 m above the ice.

variation in the microwave and physical properties Backscatter data were acquired at 18 and 35 G1l1.

for the various ice types and features. These Looking to the side of the ship, scenes could be

microwave and physical property data are needed to viewed from 15 to 80 degrees from vertical.

better evaluate and produce geophysical quantities Angular response measurements were made when the

from SAR. ship was stationed next to Ice floes. Additional
data were acquired as the ship traversed through

I
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extensive reqions of new ice. Sensor PC Ice backscatter fell hetween ttiohe of mY arid rY
speclfications are sunmiarized it table 1. Ice. IY Ice returns were about 10 dll lower than

those of MY ice. This is similar to the cases at
The helicopter-borne scatterometer shown in the lower frequencies. Open water (OW) produced

Figure 2 was flown at an altitude of 15 to 30 m. weak backscatter in the angular region between 10
The radar operated at 1.25, 5.25, and 9.38 GHz arid 50 degrees. The contrast between MY Ice and OW
simultaneously. This is an important aspect of was greater than 20 dB in the region from 30 to 50
both this radar and the millimeter radar, degrees. Smooth, undisturbed new ice returns were
Collecting data simultaneously improves the ability an additional 5 dB lower than OW at 40 degrees.
to study frequency and polarization signature MY ice continued to produce strong backscatter at
behavior and to correlate specific features with 35 GHz (see Figure 7). FY ice arid OW returns were
their microwave signatures. Incidence angles similar and decayed rapidly beyond 10 degrees. PC Iranged from vertical to 70 degrees, and antenna ice produced strong scatter, about 5 dB lower than
transmit-receive polarizations included VV, VH, HV, that of MY ice from 35 to 70 degrees. These cross
and HH (i.e., VH indicates vertical transmit and sections were considerably larger than those for
horizontal receive). This sensor allows the data the smooth-surfaced FY ice. U
to be acquired so that it is uncorrelated but
spatially contiguous, with reasonable aircraft 4. CONCLUSIONS
speeds (i.e., up to 60 knots) making full use of
available independent spatial samples. A color Based upon the preliminary'results describedvideo record of the scenes observed was produced, here, the contrast between MY ice and FY ice with aSensor specifications are summarized in Table 2. relatively smooth surface improves with frequency

in the region between 1 arid 35 GHz. When the ice
Internal calibration for both radars necessary is young and rough, I.e., PC ice, returns are

for short-term variations in the radar was significantly greater and occur at levels similar U
accomplished by passing the radar signal through a to those of MY ice. This was seen to be especially
delay line of known loss. Overall system true at angles from 20 and 30 degrees. OW between
calibration was performed by measuring the floes was found to produce weak returns suggesting
backscatter from targets of known cross section, a that radar should perform well it separating Ice
Luneberg lens or a trihedral. from water.

3. PRELIMINARY RESULTS 5. ACKNOWLEDGEMENTS

The MIZ was comprised of numerous floes which This work was supported under the Office of 3
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from 165 to 410 cm, and new and pancake ice (PC) 1982, Four years of low altitude sea ice
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vol OE-7(1), 44-50.
Preliminary results at the L-band frequency (see

Figure 3) show that FY ice at VV- and HH- U
polarizations were within about one dB of being
identical at angles from 35 to 65 degrees.
Signatures of FY and MY ice were also similar, with
FY about one dB higher. These measurements are
consistent with observations made in 1976 (Ref. 1).
Cross-polarization rqturns were not similar. The
returns of FY ice were higher and decayed more
rapidly with Increasing angle than those of MY ice.
This result was not anticipated and further Iinvestigation of the data is underway.

Results at the C-band frequency (see Figure 4)
show that PC ice returns were greater than those of U
MY ice at angles less than 40 degrees. Like- and
cross-polarized MY ice returns were well separated,
between 6 and 14 dB.

At the X-band (see Figure 5), PC ice again
provided the strongest returns at angles less than
30 degrees. However, beyond 30 degrees MY ice
produced the greatest backscatter. At 45 degrees
FY and PC ice signatures merged at a level of about I
7 dB lower than that of MY ice. As was the case at
the L-band, FY cross-polarized returns were higher
than those of MY ice.

SMY ice returns were the highest from 20 to 70
degrees at the Ku-band frequency (see Figure 6). Figure 1. Ship-Based Scatterometer

Figue 1.ShipBase Scateromte
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SUMMARY experiments. Illustrations are used to
aid the discussion and to describeActive and passive microwave remote important changes in physical properties.

sensing of sea ice offers the potential Electromagnetic interaction arguments areto obtain synoptic data of large expanses developed in discussing the effect of
of remote, ice-covered oceans under all summer metamorphosis on sea ice
weather conditions irrespective of the signatures. The discussions provided- amount of solar illumination. This is of will also be extended to include sea ice
particular importance for Arctic scenes found in other regions.applications where much of the polar ice Emission at 5 to 94 GHz and backscattercanopy is under clouds or in darkness. at 1 to 17 GHz were measured for a

The limited experiments during the variety of sea ice scenes present in the
summer-melt period illustrate the extreme summer at the MIZ. Data were obtaineddifficulty in detecting and classifying with ship, sled and helicopter mounted
sea ice features when surface conditions instruments. Results indicate that
change rapidly. The conclusion was the melt-water, snow thickness, the freezinguse of microwave sensors to unambiguously of the upper few centimeters of a snow
classify sea ice type and features layer, and snowpack and ice surface
requires understanding of the emissivity morphology control the microwaveE and reflectivity characteristics of the signature of sea ice. During the first
various ice types, and that to understand half of summer, the high absorptivity of
the electromagnetic characteristics a thick, wet snow greatly reduces therequires the understanding of sea ice variability in sea ice microwave
physical properties. signatures. Results during the peak ofIntensive measurement of summer sea summer melt indicate that one penetration
ice signatures were made in Fram Strait depth in snow (less than a wavelength)during June and July of 1983 and 1984. dominates the microwave response and
These data were acquired during masks surface ice features. This does5 participation in the Marginal Ice Zone not mean that all ice sheet information
Experiment (MIZEX), a multi-national is lost during summer. Snow and melt-
inter-disciplinary effort for which the water are not distributed uniformly about
purpose is the study of the air-sea-ice a floe. In addition, wetness is often
i nteraction processes in the transition related to snow thickness and
region where the more stable interior construction as well as ice sheet typepack ice meets the open ocean. An and deformation characteristics. Theseobjective of MIZEX was to define the ice type related non-uniformities are not
geophysical processes which govern these well understood and may produce
interactions and to understand how these identifiable two-dimensional microwave
interactions influence ice edge location, signature characteristics.
ice morphology, ice sheet deformation, The emission of first year (FY) andS ;and ice band formationt multi-year (MY) ice during summer were

This paper presents a comprehensive nearly identical. The passive microwavediscussion of the summer microwave data did show an ability to map the
signatures of the major classes of Arctic spatial distribution of wetness in the
sea ice in the Marginal Ice Zone (MIZ) upper layers in the snowpack githin floeand their relationship to snow and ice boundaries. The emission at 94 GHz was
physical properties. The discussion dramatic in its response to the freezingbegins by examining winter and spring and melting of the upper few centimeters
signatures using data from previous of the snow layer.
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MY and FY backscatter underwent I
multiple contrast reversals. During
winter and late spring MY cross-sections
are larger that those of FY ice due to
strong volume scatter from the upper
portion of the ice sheet. Wet snowpack
with a maximum seasonal thickness during
early summer, causes similar signatures
for each of these ice types. By mid
summer, thin first year (ThFY) ice

backscatter is stronger due to an
increased small-scale roughness from a
superimposed ice layer which forms at the
snow-ice interface and a snow thickness
reduced by melt. After mid summer, the
backscatter contrast again reverses (at
the lower frequencies). The ThFY
roughness elements are smoothed by melt
and MY ice continues to have a complex
surface topography.
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3 Evolution of Microwave Sea Ice Signatures During Early Summer
and Midsummer in the Marginal Ice Zone

n R. G. ONSTOTTt T. C. GRENFELL,2 C. MATZLER.' C. A. LUTHER,' AND E. A. SVeNDsENs

Emissivities at frequencies from 5 to 94 GHz and backscatter at frequencies from I to 17 GHz were
measured from sea ice in Fram Strait during the Marginal Ice Zone Experiment in June and July of 1983
and 1984. The ice observed was primarily multiyear. the remainder. first.year ice, was often deformed.
Results from this active and passive microwave study include the description of the evolution of the sea
ice during early summer and midsummer: the absorption properties of summer snow: the interrelation-
ship between ice thickness and the state and thickness of snow. and the modulation of the microwave
signature, especially at the highest frequencies, by the freezing of the upper few centimeters of the ice.

INTRODUCTION understanding of the emissivity and reflectivity characteristics

Active and passive microwave remote sensing of sea ice of the various ice types and that to understand the electro-
offer the potential of obtaining synoptic data of large expanses magnetic characteristics requires the understanding of sea ice
of remote, ice-covered oceans under all weather cond;'ions physical properties.

irrespective of the amount of solar illumination. This is of Intensive measurement of summer sea ice signatures were
particular importance for Arctic applications where much of made in Fram Strait during June and July of 1983 and 1984.
the polar ice canopy is under clouds or in darkness. These data were acquired during participation in the Marginal

Numerous late winter and spring experiments have con- Ice Zone Experiment (MIZEX) [Johannessen and Horn, 1984].

centrated on the ability to classify ice types, to detect scientif- a multinational interdisciplinary effort to study the air-sea-ice
ically interesting features, and to describe ice field kinematics interaction processes in the transition region where the pack
and dynamics. Efforts also focused on a determination of opti- ice meets the open ocean. An objective of MIZEX is to define
mum frequencies, polarizations, and incidence angles and on the geophysical processes which govern these interactions and

the development of algorithms for extracting geophysical pa- to understand how these interactions influence ice odge lo-
rameters from sea ice imagery. Campbell et al. (1975], Ram- cation, ice morphology, ice sheet deformation, and ice band
seier and Lapp [1980], and Livingstone et al. [1981] conclude formation.

their studies by stating that many features, including ice types, This paper presents a comprehensive discussion of the
ridges and roughness features, lead and polynya formations, summer microwave signatures of the major classes of Arctic
and icebergs, have distinct signatures which are observed sea ice in the marginal ice zone (MIZ) and their relationship
using active and passive microwave sensors. They also present te snow and ice physical properties. The discussion begins by

the hypothesis that a combination of multifrequency, active examining winter and spring signatures using data from pre-
and passive (microwave and millimeter wave) sensors is es- vious experiments. Electromagnetic interaction arguments are
pecially valuable for extracting information about the state of developed to describe the effect of summer metamorphosis on
the ice. They present the hypothesis that emissivity and back- sea ice signatures. The discussions provided may also be ex-
scatter are influenced by different aspects of the sea ice struc- tended to include sea ice scenes found in other regions.
ture and that the relationship between microwave frequency
and penetration depth may be exploited robustly.

The more limited experimentation by Gray et al. [1982], ELECTRICAL PRoPeRTIE OF SEA ICE AND SNOW
Onstott et al. [1982], Onstott and Gogineni [1985], Grenfell and Frozen sea water, sea ice, is a lossy dielectric. It consists of
Lohanick [1985], and Lohanick and Grentfell [1986] during the pure ice, liquid brine, and air. Snow blankets the top of this
summer melt period illustrate the extreme difficulty in detect- low-density solid. During winter, the microwave signatures of

ing and classifying sea ice features when surface conditions the desalinated multiyear ice are dearly different from those of
change rapidly. They concluded that use of microwave sensors the saline first-year ice. The situation in summer is more coin-
to classify sea ice type and features unambiguously requires plex; this is the time of desalination, of melting snow and ice,

of melt pool formation, and of the melt-and-freeze cycling of
the upper surface. Microwave signatures track these meteoro-
logically induced melt-and-freeze cycles.

'Radar Science Laboratory. Advanced Concepts Division, En- Important in remote sensing science is how the electrical
vironmental Research Institute of Michigan, Ann Arbor. Michigan. and physical properties of snow and ice are modified as they

" Department of Atmospheric Sciences, University of Washington, experience summer melt. The physial parameters which influ-Seattle.
3 Institute of Applied Physics, University of Bern. Bern, Switzm'- eace the microwave observables are snow wetness. snow gprain

I land. size, sn•,w density, and snow and ice roughness, Sensor pa-

""I of Naval Research. Arctic Sciences. Washington, D. C. rameters, such as wavelengtb, polarization, and incidence
'Geophysical Institute and Nansen Ocean and Remote Sensing angle, also influence the intensity of backscatter and emission.Center. University of Bergen, Solheimsvik. Norway. In the microwave and millimeter wave region the electrical

Copyright 1987 by the American Geophysical Union. properties of dry snow (a mixture of ice crystals and air) are
Paper number 7CO197. approximately frequency independent. Following Mat:ler
0148-0227/87/007C-0197S05.00 [1985], who summarizes the results of many investigations.
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TABLE I. Brief Summarý or Ice Descriptions During MIZEX 1983 frequency componcnts of swell are greater in amplitude, and

and 1984 floes are further reduced in size, often into patches of small.

Ice Snow Snow Ice Ice similarly sized floes. During MIZEX. sea ice was investigated
Thickness Thickness Thickness Salinity in Salinity in throughout the region from the edge of the central pack to the

Ice Range, Range. Average. Top 10 cm, Top 40 cm. extreme ice margin. It is worth noting that our observations
Type* cm cm cm 1,. %, show that ice and snow conditions at site.. close to the edge of

, 1he pack and ice in the interior of the M IZ are similar.TFY 175-236 2-20 10 1-4 4-5 Most of the ice in the MIZ has experienced dynamic forc-
MFY 90-120 2-14 6 2 2-3 ing. which increases surface and subsurface topography as well U

ThFY 38-70 2-6 4 3-4 4-5 as floe thickness prior to entering Fram Strait. Deformed ice is
found in the form of pressure ridges and rubble, each of which

*See text for explanation of abbreviations. has its own roughness scale. Ice may also have regions of 3
surface and subsurface meltwater pools and areas of flat ice

the real part of the dielectric constant expressed as a function and mounds. The microwave properties of these diverse scenes
of snow density is may be equally varied.

The major summer sea ice forms found during June and
*dry' + (1) July included (1) multiyear (MY) ice which has survived at

(1 -0O.35p) least one summer's melt and typically has a thickness greater
In (1), p is the density of dry snow in kilograms per cubic than 2.r. (2) thick first-year (TFY) ice which began growing m
meter. Three important notes are as follows: (1) freshly de- early in the season and attains a thickness greater than 120
posited snow quickly attains a density of at least 330 kg m-3, cm. (3) medium first-year (MFY) ice which began growing
(2) during MIZEX, densities in the dry surface layer were later in the growing season, reaching a thickness of 70-120 :m,
about 400-500 kg m- 3 for old snow and less than 100 kg m- 3  and (4) thin first-year (ThFY) ice which began growing late in
for new snow, and (3) the density of pure solid ice is 916 kg the season and has a thickness of 30-70 cm.
m -3 Floe size ranged from small, a horizontal extent of 20-100

The imaginary part of the complex dielectric constant is m. to giant, a horizontal extent greater than 10 km. Most of
important in that it is one of the parameters which describe the ice was multiyear. The proportion of first-year (FY) ice
the absorption properties of a dielectric medium. The complex was difficult to estimate but was probably less than one third
dielectric constant of wet snow is strongly dependent on fre- of the total ice cover. Because of the melting conditions. new
quency, density, and wetness [Matzler, 1985]. It may be ex-- ice formation in leads was not significant and would not affect
pressed using the simple Debye relaxation spectra by neglect- lead signatures. Snowpack was typically heavy and wet, with f
ing the low dielectric losses of dry snow as depths up to 65 cm on many MY ice floes. This is very thick

0.23w by Arctic standards. A more detailed description of the range
0.23+ (2) of conditions found during MIZEX is assembled in Table 1. U

I + if/fo During the experiment period the snowpack and ice sheets

where w is the percent volumetric liquid water content,fo is 10 underwent a transition from late spring to summer melt con-

GHz (relaxation frequency of wet snow), and f is frequency in ditions. Air temperatures were typically within 2' of 00C. Ex-

gigahertz. tremes ranged from - 10oC to +4'C. Measured using alcohol

The propagation distance through a medium over which the calorimetry, volumetric snow wetness in both the interior and
intensity is reduced by e-I is often referred to as the penetra- the upper few centimeters ranged from 0% to 10%. except for
tion depth (PD). The penetration depth is given by variations in a thin surface layer. The bulk snow wetness m

stayed at about 5-6% over much of the experiment duration. 3
PD - 0.5a-' (3) Figure 1 shows the microwave penetration depths for the con-

where

22r ~~~~100 , , ~ , , iii
.= J.I~M [,/e~ll4

10

In (4), i. is the free space wavelength. Ignoring scattering

losses, a 9-dB round-trip loss is experienced in propagating - I
over this distance. It is also important to note that up to two Gmz

or three penetration depths may need to be considered when
examining potential contributions to the microwave signature. • 2S012

ICE CONDITONS AND EXPERIMENT DiscIPON
The Fram Strait is the key outflow region of the Arctic 0-

Basin. Ice may originate from any region of the basin. This is
not a typical MIZ and is unique both oceanographically and 37

in its sea ice characteristics. Hence both ice physical and 0001 , I , * i , t i
microwave properties may be quite diverse, since the area of 0 2 4 6 a ,0 12 ,4
origin strongly influences the environment in which an ice VoluWerc Waltr Content -%3
sheetnsgrowgy ifFig. I. Penetration depth for snow with a density of 385 kg mi nsheet grows for frequencies between I and 37 GHz. Calculations are based on

As ice from the very close pack approaches the margins, it experimental data acquired and results published by Mat:ler [19185].
breaks up into smaller floes. Still nearer the ice edge, higher- Hallikanen et al. [1984] and Tiun et al. [1984]. 3
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TABLE 2. In Situ Microwave Sensor Description and Specification

University of Washington University of Kansas University of Bern

Sensor radiometer* scalterometert radiometer:

Sensor type Dicke and FM-CW Dicke
total power

Icebreaker/year PB and PS in 1983. PB and PS in 1983. PS in 1983

PQ in 1984 PS in 1984
Platform sled helicopter and ship ship
Frequencies. 6. 10. 18. I.S. 5.2. 9.6. 4.9. 19.4. 21.

GHz 37. and 90 13.6. and 16.6 35. and 94
Polarization V and H VV. HH. and HV V and H
Nadir viewing 20--60 W-75' 20--60

angle
Precision 1-5 K I dB 0.1-1.2 K
Accuracy 3-7 K 2 dB I K
Beamwidth !5' 2c-Il° 91-10,
Height 14r 15--45m 17 m
Calibration sky and internal Luneberg lens sky and internal

reflector

PB. Polarbjorn, PS, Polarstern; PQ. Polarqueen.
Radiometer named UW/RAD.

tScatterometer named HELOSCAT.:*Radiometer named PAMIR.

ditions described here, shown as a function of snow wetness struction, salinity profile, temperature profile, surface rough-
and frequency. Flooding of the ice-snow interface with fresh ness, state of deformation, and dielectric constant, (3) general
water was occurring due to continual snowpack ablation floe topography, and (4) the spatial distribution of meltwater
during much of the investigation. on the ice sheet.

Our observations show that snow cover thickness'of ThFY
(2-6 cm), MFY (6-15 cm), TFY (6-20 cm), and MY (15-65 cm) 260
ice was variable. New snow also fell during these investi- -X,4

gations (0.5-1 cm). Snow on pressure ridges and other elevated -
features was shallow and consisted of very coarse grains up to %226
2 cm in size. We feel that grains of this size must have formed -M 2
under the temperature gradient metamorphism during the ,.,

I ~ ~previous winter. A hexagonal shape indicated a slight round- •:,c

ing by melt metamorphism. Old snow was similar to firm, with -
grain diameters of I mm. Snow crystal sizes of 0.5-2 nun mm n

diameter were typical. First-year ice and advanced areas of 6 14e

melt on MY ice showed 3-5 mm diameter with occasional ice
crystal globes exceeding a diameter of I cm.

Salinities in the upper layer of the ice sheet were much less 1" 18 0Hz H
than 196 for MY and around 2%o in the case of FY ice, me
typically. In 1984 the FY upper ice sheet salinity decreased WINTER SPRING SUMMER FALL WINTER
over the experiment duration, and the MY ice salinity in-

creased to about 0.3%o [Tucker et al, this iue].

Measurement Approach

The integration of microwave measurements by a compre-s

Shensive set of satellite, aircraft, ship, and surface-based sensors
with sea ice scene characterization measurements is a funda- la
mental accomplishment of the MIZEX Remote Sensing Pro- Ise
gram [MIZEX Group, 1986]. All sensor parameters overlap •
well by design. Imagery was collected of specifically chosen 1 a4
representative ice floes on which coincident in situ surface, a
shipboard, and helicopter-borne measurements of scattering
and emission characteristics and ice physical properties were 1" 37 0Hz H
made. For detailed discussion of the near-surface sensor pa-
rameters and experimental procedure, refer to Grenfell and as, DRY (1994)

Lohanick [1985]. Matzler et al. [1984]. Gogineni et al. [1984], 3UL!R 1AY (1964)
and Table 2. Fig. 2. Time eries of average Nimbus 7 H polarization bright-

ness temperatures at 18 GHz and 37 GHz for a 300 km by 300 km
The surface-based measurements include (I) snow thickness, region in the Greenland Sea near the MIZEX study area during 1984.wetness, density, physical construction, dielectric constant, and The short vertical lines represent one mtandard deviation (D. J. Cava-

temperature. (2) ice thickness, wetness, density, physical con- heir. NASA, Goddard. unpublished data. 1966),
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•etne,, :records indicate that a series of atmospheric lows of warm air

Snow Surface ,T< 0"0 passed through this region during this critical period. Our
hypothesis is that the upper layer of the snowpack experiences

ia Winter and Earl, Spring E Dr% Snow IT < 0"T. a metamorphism causing an enlargement of ice crystals. Once
temperatures return to normal and the snowpack refreezes.

I _ _the brightness temperature will be lower due to an additional
Ice Surf ace IT ̀-0)C0 scattering loss which arises from the increase in ice crystal size.

The sudden jump in brightness temperature from June 8 to
%e, ne,, 18 (Julian days 160 to 170) marks the onset of summer melt.

It!mSurface I ,i? C when temperatures stabilize at about 00C. It will be demon- -
sfli s• o strated that the new brightness temperature threshold during

the first half of this period indicates a moist snowpack. In
Ihi Late Spring Humid S.ri.. I Tr 0"Ci addition, the melt-freeze cycles which occur throughout the

Arctic summer contribute to the wide range of brightness tem-
- - - peratures. By the second half of summer (beginning about

ce Surf ace tr < 0- C' Julian day 180), melt has advanced to a stage where a signifi-
cant proportion of the snowpack has melted and open pools

11 Wetnes% of meltwater are more numerous. The brightness temperature

S no,, Surface IT = 0"Ci shows a decrease of at least 10 K (see 18-GHz data) and larger
standard deviations. Standard deviations at 37 GHz are even

wet EarI to Mid Summer E MI.-I Snow. iT O
5

Cf larger, due in part to the larger number of footprints at 37
SGHz than at 18 GHz in the 300 km by 300 km region. The

I dip in brightness temperature is then followed by an increase

c lSurfac iTOC Suh (about Julian day 195). This represents a very interesting and
important event. Sea ice may experience periods of drying
during which the areal extent of surface meltwater is reduced

0wetness due to draining through cracks, thaw holes, and rotting ice. fl
Snow Surface IT =OC0 Such cycles of draining and melting were observed during

MIZEX. At about the middle of July (Julian day 195) the
id) Mid to Late Summer 1E Moist Snow IT = 0*( brightness temperature shows a significant increase. We at-

tribute this to the reduction in the areal extent of open water

Slush in melt pools and to wet air-snow and air-ice interfaces.
Ice Surface IT 0"CI By the beginning of September (Julian day 244) the ice is

well drained, the rapid cooling of the Arctic proceeds, the ice •
Fig. 3. Free water fraction versus depth for snow on sea ice, illus- concentration is at its minimum, and the minimum brightness

trating conditions encountered during (a) winter and early spring, (b) temperature for the year is reached. By the end of September,
late spring, (c) early summer, and (d) midsummer. brightness temperatures have returned to wintertime con-

Temporal Signatures MICROWAVE SIGNATURE AND SCENE INTIECOMPARIKONS

The mean and standard deviation of the brightness temper- The microwave signature of the evolving summer sea ice as
atures at 18 GHz and 37 GHz with horizontal polarization of measured in situ is discussed for the periods of winter, late 3
sea ice as derived from the Nimbus 7 scanning multichannel spring, early summer, and midsummer. Two additional influ-
microwave radiometer (SMMR) in a 300 km by 300 km encesm very heavy melt and rain and frozen surface crust, and
region in Fram Strait in the vicinity of the MIZ are shown for included because of their ability to alter the seasonal micro- 1
alternate days in Figure 2 (D. J. Cavalieri, NASA, unpublished wave signature. Figures 3 and 4 illustrate the general distri- 1
data. 1986). These brightness temperature data show the big bution of wetness (liquid water content) in the snow on ice as
picture, the continuous time series record for the 1984 Arctic observed during MIZEX. Cross-sectional representations of
year. They illustrate the transition from winter to summer gross changes in the physical construction of the snowpack. 1
signatures and provide the forum from which the in situ the snow-ice interface, and the ice sheet are provided in Fig-
"snapshots" are discussed. ures 5 and 6.

During the cold winter months, between December and In what follows. emissivities are shown at frequencies from 5
March (Julian days 335-90), the sea ice brightness temperature to 94 GHz for a 50' nadir angle and horizontal (H) and verti-
variations are small and are primarily due to changes in ice cal (V) polarizations. Radar backscatter cross sections are at
concentration or to variations in the physical temperatures of frequencies from I to 17 GHz. at angles from 0* to 60r. and at
the radiative portion of the ice or both. Starting in April HH polarization. Since backscatter effects at VV and HH po- 3
(Julian day 91) the steadily increasing spring warming trend larizations were very similar for both FY and MY ice, we
translates into a similarly increasing scene brightness temper- follow tradition and discuss HH polarization. Radar angular
ature. By May (Julian days 121-151) this trend was disturbed. response data are shown to elucidate the strong dependence of
As we observed during MIZEX, the emission at 36 GHz is backscatter on incidence angle. The rate of falloff of back- 3
very sensitive to the presence of free water and the recrystalli- scatter beyond vertical provides information about scene
zation of the upper few centimeters of the snowpack. Weather roughness and the effective dielectric constant. I
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0 nWethess emissivities at the two polarizations (Brewster angle effects)

Slush IT t0"c and has an emissivity which increases with increasing fre-

quency. In contrast, the FY ice signature is close to unity and

iii Hes Melt or Rain 4i ~is almost independent of polarization and frequency. The

,oS T 0 multiyear ice signature is not similar to either the calm water

SSlush or the FY ice. Its emissivity decreases with increasing fre-

Ie SurfaceIT quency and shows a moderate separation at the different po-
larizations throughout the entire range of frequencies.

The radar backscatter of FY and MY ice is shown as a
It Vernes -- function of frequency at a 40W incidence angle in Figure &a.

Fr°men Crust IT - 0C) These data show radar cross sections which increase linearly

hi Cwith increasing frequency. The radar contast between these
t Fr,,,en -Mi Mest no. IT = 0*CI two ice types also improves with increasing frequency. Returns

from open water in the MIZ are found to be considerably

Slush lower than those from ice.
Ice Surface IT 0°C Scattering within the snow and ice reduces emission and

enhances backscatter. First-year ice is very lossy because of its

Fig. 4. Free water fraction versus depth for snow on sea ice, illus- high salinity. hence penetration depths are small. In addition.
trating conditions encountered during (a) heavy melt or rain and (b) it has few internal scatterers. such as air bubbles, whose diam-
freezing of the upper snow layer. eters are within an order of magnitude of a wavelength. In

contast. the upper portion of a MY ice sheet is composed of

Winter low-loss, almost pure ice and has significant numbers of air

n wbubbles with diameters of 1-3 mm. The microwave signaturesIn winter, as during most of the year. the dry snowpack and of sea ice at low frequencies (1-4GHz) are, for the most part.

upper portion of the ice sheet are at temperatures much less o e c tlwfeunis(-Gz rfrtems at
controlled by its dielectric constant and surface roughness. As

than O°C. As Figure 3a shows, there is no liquid water in the wavelengths grow shorter, volume scattering from the inho-

snow or on the ice sheet. Cross-sectional views of FY and MY mogeneities within the snow and ice becomes increasingly im-

ice sheets are shown in Figures 5a and 6a. Under the dry snow portant. At frequencies of about 10 GHz. volume scattering
on undulating MY ice are flat ice, ice mounds, and depres- begins to dominate the electromagnetic interaction process.

sions filled with last summer's frozen meltwater. This set of The interested reader is referred to Kim et al. [1984b] for a

conditions serves as an excellent reference from which to detailed discussion of surface and volume scattering of sea ice.

examine the evolution of sea ice properties during summer.
The emissivities of FY and MY ice and calm water during Late Spring

winter as reported by NORSEX Group [1983] are shown in By late spring, temperatures have warmed from winter lows
Figure 7a. Open water exhibits a large difference between of about - 35'C; there may be periods with temperatures near

Superimposed Ice Layer Moist Sno. IT = 0`0

*y _nuIT<0

-.--- -'-..- "-: - D'Seoa I <0C Ice (T <• O°0' Sea Ice IT = O*0

(a) Winter and Early Spring (b) Late Spring
(Completely Frozen) (Humid Snow and Superimposed Ice)

Rough Superimposed Ice

.i: iHumid SnoVIT 01C

SRfouIs u m Snoi Ice
,Sea Ice (T i5 O'C0

I • PSea Ice IT = O*171

(c) Early tO Mid Summer (d) Mid to Late Summer

(Moist Snow) (Surface Composed of Snow-ice)

Fig. 5. Snow and ice conditions encountered on first-year ice during (a) winter and early spring. (b) late spring. (c) early
summer to midsummer, and (d) midsummer to late summer.I
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Fig. 6. Snow and ice conditions encountered on multiyear ice during (a) winter and early spring. (b) late spring, (c) early
summer to midsummer, and (d) midsummer to late summer.

00C. This rise in physical temperature is accompanied by an 9.6 GHz, has been reduced effectively by the humid snowpack. 3
increase in the imaginary part of the complex dielectric con- Backscatter at 5.2 GHz is affected less because volume scatter-
stant; this increase is rapid once temperatures are within a few ing has a reduced role at this frequency, scattering from the ice
degrees of 0°C. During this period the interior of the snow- surface contributes strongly, and a penetration depth of 20 cm
pack becomes humid. Figure 3b illustrates the common oc- (3 times that at 9.6 GHz) is sufficient to continue sensing the
currence of cool air above the snow, a dry snow surface layer, surface and upper portion of the ice sheet.
a humid snow interior, and a cold ice sheet surface. Moisture
from the humid snow layer may collect on the cold ice surface Earlb Summer ,
and freeze. The superimposed ice roughens the ice-snow inter- Early summer may be described as the start of the 2-month
face, illustrated in Figures 5b and 6b. This roughness will in- period during which the mean air temperature remains close
crease in time and influence the microwave signatures of to 0°C. Summer FY and MY ice microwave signatures will be
ThFY and MFY ice during midsummer. shown to be very similar. Early summer signature differences I

Signatures representative of late spring conditions are between ice types are at best subtle. The thoroughly moistened

shown in Figures 7b and 9a. In contrast with winter con- snow is at its maximum annual thickness. Free meltwater per-
ditions, FY and MY ice emissions are almost identical. The colates through the snow and collects at the snow-ice inter-
snow has attained a wetness sufficiently large (about 2%) that face, forming a thin layer of slush as shown in Figures 3c and
scene emissivity is determined by the snowpack and not by the 6c or additional superimposed ice as shown in Figure 5c.

cold ice sheet below. During this period the emissivities of MY and FY ice share
Radar contrast at 9.6 GHz and 5.2 GHz is also reduced (see a common signature, shown in Figure 7c. that of an infinitely

Figure 9a). Volume scattering, which dominated the micro- thick wet snow layer. In addition, an emissivity of almost
wave signature of MY ice during winter and early spring at unity was obtained at V polarization; hence the wet snow I
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Fig. 8. Radar scattering cross section frequncy response of (a) water and first-year (FY) and multiyear (MY) oe ice at
frequencies from 4 to 17 GHz at HH polaization acquired during winter by Ostat et dL [1982] and (b) water and thin
first-year (ThFY), medium first-year (MFY), and multiyear (MY) sea ice at 1.% 5.2. 9.6. 13.6. and 16.6 GHz at HH
polarization during midsummer when the bulk wetness is 5% by volume (July 5. MIZEX '84).

(about 4%) shows the characteristics of an ideal blackbody, TFY ice sheets. creating a slush layer several centimeters
which absorbs all incident radiation, reflecting none, and is a thick. Draining of water into depressions on TFY and MY ice
perfect emitter, contributes to the formation of subsurface melt pools as illus-

Data acquired in conjunction with the above show that trated in Figure 6c. The slight increase in liquid water in the
backscatter is relatively weak (Figure 9b), and data demon- snow now limits the penetration of microwaves to distances
strate further the effective absorption of the incident energy by less than one wavelength. The microwave observables contin-
the thoroughly wet snow layer. Roughness measurements indi- ue to be dominated by the properties of the top layer. Emissiv-
cate that its surface was smooth at then radar wavelengths ity increases within increasing frequency and remain "black-
(an rms roughness of about 0.3 cm); smooth surfaces produce bodylike" at V polarization (see Figure 74 With the Brewster
weak backscatter at angles off vertical. effect enhancing the V-polaried radiation, surface reflection is

In review, when the snow scattering volume is reduced to a the dominant reflection mechanism. Since the internal satter- I
few centimeters and the snow thickness is at its annual maxi- ing in the lossy snow is very small, the Freaend reflectivity

mum, the wet snow is extremely effective in masking surface provides a good desA ption of the microwave emission at H
ice features at frequencies as low as 5 GHz. polarization at frequencies up to at lmst 35 GHz.

In Figure 8b, radar backscatter data are shown for MY,
Mki$smmer MFY, ThFY, and open water at a 30 incidence anile. Snow

By midsummer the snowpack has experienced considerable wetness of 5% results in microwave penetration depths of
melt. Drained snow attains a wetness of about 6% throughout about 50 cm at 1.3 5Hz, 6 cm at 5.2 0Hz, and 2 cm at 9.6 U
its interior. As is illustrated in the snow wetness diagram in GHz, 13.6 GHz, and 16.6 GHz. Contrast between MY and
Figure 3c, meltwater continues to accumulate on the MY and ThFY ice improves with decreasing frequency (6 dB at 1.5 I
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Fig. 9. Radar scattering crs sections acquired during (a) laet spring of thin first-year (ThFY), medium first-year

(MFY) thick first-year (TIY) and multiyear (MY) sea ice at 5.2 (C) and 9.6 (X) 0Hz at HH polarization when the surflaceI ~snow is dry and the bulk wetness is 2% by volume (June 20. MIZEX '84k (b) early summer of first-year (FY) and multiyear(MY) as ice at 3.2, 9.6. 13.6 (Ku(Il% and 166 (Ku(2)) GHz at RH polarization when the bulk snow Wetness is4% by
volume (June 26. MIZE '84) (c) mouidinmer to late sumimer of first-year (FY) and multiyear (MY) see ice at 5.2. 9.6.13.6.
and 16.6 0Hz at HR polarization (July 25. MIZEX 133. and (A) rainy conditions in summer of Stast-year (FY) andI multiyear (MY) mea ice at 5.2.9.6.13.6, and 16.60GHz at HR polarization (June 25, MIZEX 33).

0H~z 4 dB at 5.20GHz, and about 2 dB at frequencies from 10 (about 1 cm per day). A snow-ice crust is in place on elevated
to 17 0HZ) Physical property measurements suggest that MY ice surfaces. on ThFY ice, and on MY ice. The residualI cross-section differences are attributable to the 2- to 3-cm snowpack and snow-ice ins awe wet (about 6%). On ThFY
roughness elements of superimposed ice coupled with the thin and MFY ice the snowpack has eroded into a 2-cm-thick,
snow cover on ThFY and MFY ice (snow thickness is 2-6 an granular snow-ice layer. amd former mnit pools consist of col-
on ThFY and 2-14 cm on MFY). These data show that uni- lections of candied ice tips which rise about I cm above theI formly distributed wet snowpack on MY ice with a surface freeboard of the thin, saturated'Wce sheet (see Figure Sd)
relief greater than I m is effective at masking ice feature. Natual scene intervariability makes it dimoult to determine

if emission varie with ace type during this perod. The data
Midiuruw to Laet Swauuf show a keen sensitivity to small phy ial-property variationsI Some time after midsummer, open water melt pools; become in the snow-ice layer, such as density, depth of ail the layers
common on thick ice. About 50-60%/ of the snow has melted pain size. and wetness. A larger variability in the dielectric
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100 its summer low isee Figure 9d). Much of this reduction is
-v --- attributed to the creation of a more specular surface.

90- Fro:epi Surlace Crust

<C 85 - During periods when long-wave heat loss dominates, such
as under cloud free conditions, or when weather systems8 s0
reduce air temperatures. the upper portion of the snowpack or

c 75 snow-ice layer freezes, forming a crust. The wetness-depth dia-
gram is provided in Figure 4b. An additional circumstance of l

7070 1 interest is the mixture of cloud free and cloudy skies. Cloud

65s- free skies may produce regions with frozen surfaces. cloud-
"E60 covered regions a few kilometers away may be under meltbecause of atmospheric radiation.

5S50- Freezing of a snow layer was limited to the upper 5 cm
50typically. The crust that forms has an important characteristic4 6 8 10' 2 4 6 8 102 of snow crystal grain sizes which have enlarged to about 1.5-2

FreQuency (GHz) mm in diameter. The increase in size is attributed to the re-

Fig. 10. Emissivity at 50 off nadir in both vertical (V) and hori- freezing process. Emissivity at 37 and 94 GHz is reduced sig-
zontal (H) polarization versus frequency representing both multiyear nificantly because of scattering within this layer. The level of
and first-year ice measured during rainy (R) weather with UW/RAD .

when the snow wetness is about 8,. by volume (June 24. MIZEX "84), decrease in emission correlates with crust thickness. It is im-
midsummer with PAMIR when the moist (M) snow wetness is about portant to note the similarity in emission at 94 GHz between
51' by volume (July 7-9. MIZEX '83). and midsummer with PAMIR a frozen snow layer with enlarged ice crystals and snow-
and UW.'RAD when the upper layer of the snowpack is a frozen crust covered winter MY ice. At the lower frequencies the wave-
(FCQ (July II. MIZEX 83. June 26, MIZEX "84. lengths are large compared to the size of the ice crystals in the l

thin crust, so scattering losses are small and the emission is W
not reduced. This scattering behavior can be understood by

constant of FY ice was noted during this period. It is believed examining Rayleigh scattering of densely packed ice particles
that the thinner snow depth observed on FY ice allows sens- [Mat:ler, 1985]. I
ing of the liquid water which has collected at certain locations The formation and disappearance of a frozen crust contrib-
on the ice surface. On average it is felt that the emissions of utes to the large variability seen in the 37-GHz SMMR data
FY and MY ice are still very similar. Emissivities shown in during summer (Figure 2). In contrast, note that the 18-GHz
Figure 7e are slightly higher than those shown for midsum- signature is less dynamic. This is expected if the upper snow
mer. layer is undergoing melt-freeze cycling and not changes in ice

Backscatter from MY ice is greater than or equal to that concentration. The effect of frozen crust on backscatter is in-

from FY ice; a contrast reversal has taken place. Contrast teresting. An increase in backscatter is expected for all ice

between ice types increases with decreasing frequency, shown types at frequencies above 5 GHz due to an enhanced volume
in Figure 9c. After midsummer, FY ice roughness elements scatter. Such an enhancement is not noted in these data. How-

have been eroded by melt to a point where they are small in ever, the relative contrast between ice types is expected to be

relation to the radar wavelength, surfaces appear smooth and preserved and is. The freezing of a thin layer of ice on open

produce weak backscatter (see Figure 5d). Multiyear ice re- melt pools produces a significant increase in backscatter (ob-

mains topographically more rough and has many tilted sur- served in scatterometer data) for this feature and changes the

faces and a complex mixture of ice, snow, and water features floe's appearance in the radar imagery.

which provide a strong surface scatter (see Figure 6) SUMMARY
Very Heart' Melt or Rain Emissions at 5-94 GHz and backscatter at 1-17 GHz were

Heavy melt or rain causes a saturation in the upper portion measured for a variety of sea ice scenes present in the summer
of the snowpack, illustrated in the free water versus depth at the marginal ice zone. Data were obtained with ship-, sled-.
diagram shown in Figure 4a, and reduces the H-polarized and heliocopter-mounted instruments. Meltwater. snow thick-
emission as shown in Figure 10. In this example the emissivity ness, the freezing of the upper few centimaters of a snow layer,
at 5 GHz for early summer conditions is reduced from 0.86 to and snowpack and ice surface morphology control the micro-
0.75 when rain increased the surface wetness from 4% to 8%. wave signature of sea ice. During the first half of summer the
The input of additional free water increases the dielectric con- high absorptivity of a thick, wet snow greatly reduces the
stant. The V-polarized emission is less sensitive to this change variability in sea ice microwave signatures. U
due to Brewster angle effects. The reflectivity at V polarization Results during the peak of summer melt indicate that physi-
is small, and changes in dielectric constant have a correspond- cal processes within one penetration depth in snow (less than
ingly minor effect. At H polarization a change in dielectric a wavelength) are adequate to dominate the microwave re-
constant translates into a significant change in reflectivity and sponse and mask surface ice features. This does not mean that f
emission. In addition, as the wavelength increases, the surface all ice sheet information is lost during summer. Snow and
now composed of wet snow grains and water looks physically meltwater are not distributed uniformly about a floe. The dis-
and electrically smoother. This combination works together to tribution of free water is often related to snow thickness and
reduce emission at this polarization and at low frequencies construction and to ice sheet type and deformation character-
dramatically. Backscatter intensity was also reduced, reaching istics. These ice-type-related surface nonuniformities are not I
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well understood and are being examined to see if they produce and W. M. Johnstone. Simultaneous scatterometer and radiometer
identifiable two-dimensional microwave signature charac- measurements of sea-ice microwave signatures. IEEE J. OceancEng. OE-7(I L 20-32- 1982.
teristics. The importance of surface features is illustrated by Grenfell. T. C.. and A. W. Lohanick. Temporal variations of the

examining the cause of the large variance observed in the microwave signatures of sea ice during the late spring and early
SMMR brightness temperature data shortly after midsummer. summer near Mould Bay NWT. J. Geophys. Res. WAC3). 5063-
Our observations show a correlation with a peak in the areal 5074. 1985.

extent of open water within floe boundaries on thick ice; the Hallikanen. M.. F. T. Ulaby. and M. Abdelrazik. The dielectric behav-
ior of snow in the 3 to 37 GHz range, in Proceedings IGARSS'84.more open water, the lower the average brightness temper- Spec. Publ. ESA SP-215. pp. 169-174. European Space Agency.

ature. Note that prior to this. meltwater collected in subsur- Paris. 1984.
face pools did not affect the average scene microwave re- Johannessen. 0. M., and D. Horn (Eds..), MIZEX 84 summer experi-
sponse. Future rises and falls in brightness temperature may ment PI preliminary reports, MIZEX Bulletin V, Spec. Rep. 84-29,

coincide with melt-drain cycling. However, as the end of 176 pp.. U.S. Army Cold Reg. Res. and Eng. Lab.. Hanover. N. H..
1984.

summer is approached, the contribution to the signature by a Kim, Y. S, R. G. Onstott. and R. K. Mvoore, Effect of snow cover onmelt-induced reduction in ice concentration is expected to be microwave backscatter from sea ice. IEEE J. Oceanic Eng.. OE-9(5).

much greater. 383-388. 1984a.
The emissions of FY and MY ice during summer were Kim. Y. S., R. K. Moore. and R. G. Onstott. Theoretical and experi-

nearly identical. The passive microwave data show an ability mental study of radar backscatter from sea ice. Rep. 331-31. 168
pp.. Remote Sensing Lab., Univ. of Kans., Lawrence. 1984b.

to map the spatial distribution of wetness in the upper layers Livingstone, E. C.. R. K. Hawkins. A. L. Gray. K. Okamoto. T. L.
in the snowpack within floe boundaries. The emission at 95 Wilkinson. S. Young. L. Drapier Arsenault. and D. Person. Classifi-
GHz was dramatic in its response to the freezing and melting cation of Beaufort Sea ice using active and passive microwave sen-
of the upper few centimeters of the snow layer. sors. in Oceanography' From Space. edied by J. F. R. Gower. pp.

813-826. Plenum. New York. 1981.
Multiyear and FY ice backscatter underwent multiple con- Lohanick. A. W., and T. C. Grenfell. Variations in brightness temper-

trast reversals. During winter and late spring, MY ice cross ature over cold first-year sea ice near Tuktoyaktuk. Northwest Ter-
sections are larger than those of FY ice due to strong volume ritories. J. Geophys. Res.. 91(C4), 5133-5144, 1986.
scatter from the upper portion of the ice sheet. Wet snowpack, Matzler. C.. Interaction of microwaves with natural snow cover. Ha-

with a maximum seasonal thickness during early summer, bilitationsschrift. 152 pp.. Inst. of Appl. Phys.. Univ. of Bern, Bern,
Switzerland. 1985.

causes similar signatures for each of these ice types. By mid- Matzler. C.. R. 0. Ramseier. and E. Svendsen Polarization effects in
summer, ThFY ice backscatter is stronger due to an increased sea-ice signatures, IEEE J. Oceanic Eng.. OE-9. 333-338. 1984.
small-scale roughness from a superimposed ice layer which MIZEX Group. MIZEX East 83/84: The summer marginal ice zone
forms at the snow-ice interface and a snow thickness reduced program in the Fram Strait/Greenland Sea. Eos Trans. A4GU. 67.

513--517. 1986.
by melt. After midsummer the backscatter contrast again re- NORSEX Group. The Norwegian remote sensing experiment in a
verses (at the lower frequencies). The ThFY roughness ele- marginal ice zone. Science. 220A4599). 781-787. 1983.
ments are smoothed by melt, and MY ice continues to have a Onstott. R. G.. and S. P. Gogineni. Active microwave measurements
complex surface topography. Based upon the results to date, of Arctic Sea ice under summer conditions. J. Geophys. Res.. 90MC3L
operation at frequencies of about 5 GHz may be optimal for 5035-5044. 1985.
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Results suggest that the ability to discriminate between the IEEE J. Oceanic Eng.. OE-7(l). 44-50, 1982.
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Environ. Ser.. Ottawa. Ont. Canada. 1980.

within floe boundaries. There is synergism in using both active Tiuri. M.. A. Sihvola. E. Nyfors. and M. Hallikainen. The complex
and passive microwave sensors when wetness features are fully dielectric constant of snow at microwave frequencies. IEEE J.
developed, the radiometer senses the scene wetness and Oceanic Eng.. OE-9(5. 377-382, 1984.
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I ABSTRACT interest include: (a) ice type, (b) ice
thickness, (c) ice concentration. (d) Ice floe

Measurements were made during the 1984 size, (e) snow and ice-sheet physical and

Marginal Ice Zone Experiment to document the electrical properties, (f) deformation

active microwave properties of summer sea ice. characteristics, and (g) kinematics.

Backscatter data were acquired at frequencies
from 1 to 17 GHz, at angles from 0 to 70 degrees 11. EXPERIMENT DESCRIPTION

from vertical, and with like and cross antenna
polarizations. Results show that melt-water, Radar scattering cross-section data were

snow thickness, snowpack morphology, snow acquired using a multi-frequency,

surface roughness, ice surface roughness and multi-polarization and multi-angle-of-incidence

deformation characteristics are the fundamental calibrated radar (scatterometer)(2]. This

scene parameters which govern the summer sea Ice system was operated from both helicopter and

backscatter response. For example, a thick, wet ship. Key radar parameters Included

snow cover will dominate the backscatter frequencies of 1.5, 5.2, 9.6, 13.6 and 16.6 GHz;

response and mask any ice sheet features below, viewing angles from 0 to 70 degrees from

However, snow and melt-water are not distributed vertical; and antenna polarization capabilities

uniformly and the stage of melt may also be of HH. VY and MV (H * horizontal, V a vertical;

quite variable. These non-unifomities which are the first letter Identifies the transmit

related to Ice type are not necessarily well polarization and the second the receive

understood and produce unique microwave polarization). Scenes investigated included

signature characteristics, small-to-vast multiyear (MY), thick
first-year(TFY), medium first-year(WFY) and thin

first-year(ThFY) Ice. Floes chosen for
microwave observations were visually

1. INTRODUCTION representative of Ice types in the MIZ and the
adjacent pack ice region. General Ice condition

Near-surface calibrated radar backscatter descriptions, oblique photography, and detailed

data were obtained of Arctic sea Ice during June descriptions of snowpack and Ice sheet were

and July of 1984 as part of the Marginal Ice made. Sea Ice characterizations included the

Zone Experiment (MIZEX-84)(1] in From Strait, a description of the construction of the snowpack.

region located between Spitzberge and snow thickness, snow density, snow wetness, the

Greenland. These measurements were made as part measurement of snow-ice complex dielectric

of a remote sensing effort whose purpose was the constants, ice sheet physical-chemical

simultaneous collection of near-surface and properties, ice thickness, and surface and

airborne, active and passive microwave signature sub-surface roughness. Ice thicknesses ranged

data In conjunction with the study of the key from 30 to well over 300 co. Snowpack was

physical and electrical properties of the major typically heavy and wet with depths up to 60 cm

summer sea-ice scenes in the study area. The on many of the multiyear Ice floes. Melt-water

role of the near-surface data collection effort collected creating a slush at the snow-ice

was to catalog the summer NIZ scattering Interface on flat Ice and in sub-surface pools

coefficients, to relate specific sea Ice In depressed areas. Ice, snow and air

features with their microwave response, to temperatures were typically within a couple

support the Interpretation of aircraft and degrees of 0 C. The snow cover on thin

satellite data products and to provide first-year, medium first-year, thick first-year

electromagnetic scene-modeling inputs to and multiyear Ice was typicially 2-6 cm, 6-15

further advance the understanding of the cu. 6-20 cm, and 15 - 6S cm. respectively. Snow

Interaction processes which govern the sea ice crystal sizes of 1-2 m diameter were typical.

backscatter response. Overall, remote sensing First-year Ice and advanced areas of melt on Mly

efforts were directed to the development of the Ice showed 3-5 me diameter crystals with

ability to unambiguously convert microwave occassional Ice crystal globes exceeding a

signal information into critical geophysical diameter of I cm. Salinities in the upper layer

parameters. Solid ocean descriptions of key of the Ice sheet were typically much less than

I



one part per thousand for MY and around two of the variance of the backscatter return with
parts per thousand in the case of FY. During frequency Is also instructive (See Figure 4 and
the experiment period the snowpack and Ice Table 1). The effect of a uniformly
sheets underwent a transition from early-summer distributed wet snowpack on MY ice which does
to mid-summer melt conditions. For example, the have meter or greater surface relief Is to mask
salinity in the upper ice sheet decreased in the these features. This ability increases with
case of FY, but increased to about .3 parts per increasing frequency as expected. In this
thousand for MY [3J. example, most features were well masked when

operating above 10 Gliz and there is almost no
1i1. PRELIMINARY RADAR BACKSCATTER RESULTS hint of any surface features at 16.6 GHz. In

addition, as frequency is reduced there is an
Two questions were central to the microwave exponential-like Increase In scene variance. I

investigation during MIZEX: a) what is the The angular response at 5.2 Gllz of MY, MIFY,
influence of the MIZ and summer-melt on sea ice ThFY and water is shown in Figure 1. MFY has a
properties and, b) how do these changes affect slightly thicker ice sheet and snow layer than
the ability to discriminate ice from water and ThFY, but similar surface roughness. The
among ice types. Results show that the MIZ angular responses of MY and HFY are shown as a
microwave signatures are greatly influenced by function of frequency in Figures 2 and 3.
summer-melt. In addition, there is excellent There is a modest Increase In cross-section with
correlation between the evolving sea ice summer increasing frequency, but not as quickly as the
scene and Its microwave signatures. Scene square of the wavelength which means that there
parameters which have been found to have the are similar roughness scales at all wavelengths. I
greatest impact on active microwave signatures Comparing the responses of MY and WI'Y suggests

are: thickness of wet snowpack, distribution of that 6 or more centimeters of snowpack Is all
melt-water about the ice sheet, floe topography, that is required when operating at frequencies
presence and magnitude of rough surface above 5 GHz to effectively mask surface ice
scatterers, and the increased dielectric features. Note that the angular responses of
constant of regions composed of mixtures of ice, these ice types at these frequencies are nearly
snow, and water, such as strings of hummocks and identical. The importance here is the
surface and subsurface melt pools. It has yet determination of the number of penetration
to be determined if the MIZ contibutes to depths of snow necessary before there is an
changes in the summer microwave signature, other effective mask. Note that penetration depth Isthan to promote melt, and by moderating the a calculation of when a distance is traveled
population of melt-pools because of regional over which transmitted power is reduce by l/e.
dynamic forces which work to reduce floe size. The scene beyond this depth still contributes to

In the MIlZ it Is important to determine ice the backscatter response. In the case of the I
extent and percent ice coverage. These data are sea ice scene described here, the contribution

inputs into a variety of geophysical models, below one penetration depth appears minor.
Results show that there Is significant contrast During this period, frequencies of I to 6 Gliz
from 10 to 15 dB between ice and water when are most applicable for use in discriminating
operating at 1.5, 5.2, 9.6, 13.6 and 16.6 Gliz, these Ice types.
HH-polarization and with angles about 25 Figure 5 was created to demonstrate the
degrees. The 5.2 GHz backscatter response (See effect Increasing snow wetness has on the
Figure 1) shows that this contrast exists over contribution of surface roughness to the
the range of angles which will be used by backscatter response. A wetness of 5% by volume
spaceborne synthetic aperture radar. It Is increases the dielectric constant from 1.9 to
expected that the angular trends at other 2.5 for snow with a density of about .5
frequencies will be similar. These data are gm/cubic-cm. Using an rms roughness of .3 cm
available and will be assembled in the future, and a correlation length of 1.8 cm. represents

Radar backscatter cross-sections of three roughness of a typical smooth snow scene,
major ice scenes acquired during mid-summer peak surface scattering responses were calculated for
melt are shown In Figures 1. 2 and 3. These 1.2 and 10 GHz and dielectric constants of 1.8
angular responses are of MY, WFY, and ThFY which and 2.5. A Kirchoff surface scatter model with
have thicknesses of 275, 105 and 75 cm, anexponential correlation length, which hasI
respectively. Snow depth ranges are 2-10, 5-14, been validated as especially applicable to FYand 20-43 cm, respectively. Snow wetness of 5% ice, was used for demonstration purposes.
by volume results in microwave penetration Results suggest that surface scatter will
depths of about 1-2 m at 1.2 GHz, 5-10 cm at 5.2 increase about 2-3 dB for all frequencies. This
GHz, 3-5 cm at 9.6 GHz, 2-3 cm at 13.6 GHz, and Is basically due to an increased Fresnel I
1-2 c t at a6.6 GHz. reflection coefficient. Additionally, snow of

Transects across a large 3 kin floe composed this roughness accounts well for the generalof MY and ThFY are shown in Figure 4 for backscatter level measured at 10 GHz. The
frequencies from 5 to 17 GHz. Contrast between signatures at 1-2 GHz are very weak at this I
the ice types is 6 dB at 1.5 GHz, 3.6 dB at 5.2 surface roughness scale. This agrees with
GHz, and about 1.7 dD at frequencies from 10 to observations of weak returns when the ice sheet
17 GHz. The physical properties most is flat and the snow is smooth. Returns are
responsible for the cross-section difference are strongest in areas with significant Ice features
the surface and subsurface roughness of the with tilted surfaces.
ThFY. Roughness elements of 3 cm have
superimposed ice and firnification process
origin.

It is interesting to note that a balance
exists between snow absorptivity and the scales I
of roughness at frequencies above 10 GHz; while

at the lower frequencies reduced absorptivity
results in increased backscatter. Examination

I
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TABLE 1. It also follows that opc'ration at freqiiencies
about 5 G6iz will be optimal for the siawmer MIZ.

Backscatter cross-sections of multiyear Based upon these results it is expected that the
and thin first-year sea ice at HH- ERS-1 ESA C-band satellite SAR has the potential
polarization and 25 degree Incidence angle to discriminate ice types durinq both winter
for 5 July (MIZEX-84) and summer. In addition, use nf multiple

frequencies will allow information from
MEAN VARIANCE different depths and ice features to he

FREQ retrieved.
-GHz- MY ThFY MY ThFY
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Figure S. Radar cross-sections of surface
scatter from wet (e - 2.52) and dry
(e - 1.78) snowpack at 1.2 and 10 GHz I
at HH-polarization as derived from a
Kirchoff surface scatter model with
an exponential correlation length.

IV. SUNDARY

Radar backscatter measurements were made at
frequencies from 1 to 17 Glz of a variety of sea
ice scenes present in the summer at the marginal
ice zone. Data were obtained with a ship and
helicopter based scatterometer. Results indicate
that melt-water, snow thickness, snowpack and
Ice surface morphology control the microwave I
signatures of sea Ice. Resolts during the peak
of the summer melt indicate that one penetration
depth of snow effectively domirates the
microwave response and masks surface ice
features. Th', ,ay represent as litttl as 6 cm
of snow when -rating at 10 GHz when the snow
has a wetness of S% by volume. This does not
necessarily mean that all ice sheet information
is lost during summer. Snow and melt water are
not distributed uniformly about a floe. During
MIZEX 83 and 84, depth of snow cover and stages
of melt correlated well with ice type. Medium
and thin first-year ice have snow covers
typically less than IS cm and enhanced surface I
roughness. Hence, the knowledge of the spatial
distribution of microwave returns is critical.
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3 ~ABS TRACT

The 'Odden* which Is a protuberance of sea Ice In 2. UAIA SEIS
the Greenland Sea Basin was studied using tire rMIirUtS-7 fle Foram Strait operating area for I-IIZEX WP
Scanning Multichannel Microwave Radiometer (SI-1411) extended along tire Ice edge fr~om about 75*11 to 79*11
satellite and an X-band (3 cm) Synthetic Aperture arid 5*W to 51E. This was atignented by coordinated
Radar ýSAR) aircraft. The sea Ice, meteorological arid deep oceanographic -sections across tire rr-am strait
oceanographic conditions within the northern portion from tire Svalbard Shelf to about 0. arnd "rivie' wit,, -
of the Odden was additionally studied fii March and two day Investigation of tire Parents Seza '417Z betwceen
A pril 1957 by scientists on board the N/V POLAR CIRCLE tire south tip or Svalbardi arid Bear- IslawJ.
arid R/Y HAAKOH MOSBY. The SliR-1 data which was first fle NhI-iilUS-7 data used inI this 0-Jileti Study wit
validated with In situ ship measurements arid tire SAR collected or' even Jul ian days arid Inicludsed air area3
data observed ra-pffT4 day oscillations of the Odden from 73' to 84*11. fle parameters of tire S111111 sy'ýt'nm
ice edge. The oscillations at 74-75111 were several are presented lin Table 1.Ihundred kilometers in extent, lire rapid oscillation
of the Odden does not appear to be a result 0 wind mioir I. rnutrrr-rt jvw I'r-.aii..r
induced Ice drift, but rather tire rapid formation of
thin ice off the main Ice edge. , r. n.. i r. ;

W.n."i.'.,qh. to 4 5S 7.111 JI .P 1.41 q.141
1. INTRODUCTION I'M 4...irr P*~ 7.6' L.4. 1.4- 0114'

The "Odden" is an extensive protuberance of sea Ice Int.-Ilatr,..I tn...
In the Greenland Sea Basin that extends several f. 4e'* ni . .1 6
hundred kilometers Into the Greenland Sea. Tire basin IStWnstnirur.Icirculation In the Greenland Sea Is characterized by IAI.' Stability (I4) 0.4 11.5 0.1 nj1.1 i
the cyclonic circulation In tire Boreas and Greenlanrd iR awl. In. Ir In lo
Basins. These two areas are also known to show large RI S1A.A..r4r1rr ?," too?
fluctuations In the Ice cover. Thre rapid 2-4 day P. 14 1 'I'-..Ia 1-ýJ
oscillations of tris zonal Ice edge extent centered at 10 V.,,inm. is

740N appears to be a near annual event normally I',ecutrdattebgnigoftewne eao.o~ig.ros..e 71,

lire sudden occurrence of the Odden has been reported A,- . y 1
for centuries by Scandinavian fistreruan arid sealers.StlI- A(4,t fh) .W %
occurrences of Odden developments ihave been observed VI.. i~~h 4.7*~ .Iby tire SM!4R that was flown onl tire IASA iIHIiUUS-7 IIIV, it"# A.Arq q. 1,7:1
Satellite during its nine year lifetime. The. SW*uirw rrw pInRsq.~ ~sr .: '..
Instrument provides Ice concentration arid titus Ice '.,,rA rVI.r 11 .111- 4.."l "1..' :,

edge.
In 1987, during the Marginal Ice Zone Experiment hi'iii'.. ni A

(I4IZEX) , Odden events occurred. These events were not Sta~q 4 n *?%"O -.1 .4"

only observed by the S1414R, but was also Imaged by an to
X-barrd SAR aircraft. Tire sea Ice withrin tire northern .111-.1 1,

portion of tire Odden was additionally studied by latil, roc..rr.... Arnri. S.: isIscientists on board tire POLAR CIRCLE and HAAKOII 1ROSilY. 1*'t..il~. 0itit,.I. "04.1 FI'l..
Ocean-atmospireric boundary layer studies from HAAKON %.AIN073.rTA
140SBY furthermore observed a preconditioring event 1WqtPI~ 11Iwl A. 41 k . A'S

subsequently followed by rapid new Ice formationIextending over several 100 km. A" 01-a.IIl,.A 7 0 t.- Iq ..*..1 I., ... r MAi -I. rIt.
In this paper tht SAR data and hrI situ 'It ."l-no:. ~ ~ .-... ~.,-meteorological and oceanographic oSsii~atiorns from tire , ... Ai,*Ii'L

ships throughout MIZEX are used first to varidilae tire
Information obtained from tire ShihR. this passiveImicrowave data Is then used to analyze tire near annual
occurrence of tire Odden and confirm the hrypothresis for

its formation.



The algori thin for calctulat lug the sea Ice conceit- I''' I 1 . ',IAIIe' .I 111 1'AtI'I'"'. V' i .111 111 14111 1
tratiosis and type from mtuitispectral radiances
obtained fromn the S1.11411 Is discusscd in dtii
elsewhere [Ref. 1-2]. Briefy thc calculatuions
utilize the vertically (V) polarized radlances 14-al.'It* Aitill,.-

obtained at a wavelength of 0.8 cm anid the I.,horizontally (1i) and vertically polarized radianices it ll
the 1.7 cm wavelength. Ratios of radliance are used to vIfl-.,i IM, t I.., ,1 "II
remove the physical temperature of the earth's surface
to first order. For thle purpose of thiis 1. I

investigation, the H and V radiances at 1.7 cm were coti'Ali'I.lv 4 's*'"' Iselected to calculate one of the ratios mentioned iidl, I *i' :*above, the polarization (PR), which Is used In thle iP.."
calculation of sea ice concetitration [Ref. 1]. This
combination was chosen because It resulted In tue S.At 1, 1i'thl~
algori thmn's being less setisit lye to the combination of W i d.i
different In-trument drifts in tile selected channels
over the 9 year period. The PR is used principally to riiIe flI? Ali.... to.11 k/.1Ai t, ,I1

distinguish between sea ice anid open water because It Cm ' o-.

Is relatively Insetisitive to sea Ice type. Aniother ii-~4 -4 11If II .
radaiance ratio, the spectral gradient ratio (GRl) Is 5, .iIfused to detect the Ice type through the wavelengt-iR . t.I :...;
dependent scattering due to empty brine cells present II." I look 4 1.11% 4 11i%
In the freeboard portion of multiyear Ice and abseiit Alt
in first-year Ice. The GR Is calculated as tile ratioAr.1t v4I
of the difference over tile sum of the vertical to-Rles 16 iX. If- noI
polarization at the 0.8 and 1.7 cm wavelengths. 32 Vl
Limiting the allowable range of GA Is also importanit
In the reduction of the weather effects which
previously led to ambiguous Interpretation In the IceI
margins during storm passages [Rlef. 2j. This Is 3. OUDEII OUSERVAF 01)11
particularly useful for the put-poses of the piresent 0(idefl evenits occuried durhingt lifMarchi an], Aviri
Investigation, sinice It etihiances the precislion of the M417[X IN) Iivotiiam. I (1111 I' I Is iniouih f~t! ,Pih ffitia
calculation of Ice area and extent. I ome 29 Flat cl 19U7, sli-iwltji thle SF1111 del Ived tcr'

The accuracies of the calculationis of sea Ice area contceiitration (in tells of perit .loti'j With tile
(also called Ice concentration) with the 1.7 come PR SIAR-I SAR imaytjey andi a SAil Iitteiptetatiuno.
have been estimated [Ref. 1] as about 5% In the Superiml)osed onl the StIliR concentiation map is anl
central pack and about 9% iii the margoinal sea Ice outline of the SAil coveraue (solid line) and thle SARl
zone, where as much as 30% of the Ice may be thin or derived Ice edge (dotted hiiie).I
new atid without snow cover (two Ice types not taken life SAR derived Ice edge Is accuiate lIn absolute
explicitly Into account by the algorithm). lite position to appioximately 250 meters. life pnsitlen.al
precision or repeatability of the Ice coverage accuracy Is a1 result of 11ntllh ik ~e, satii-llIt

calcuation Is robaby beter tan tie accrnay tcjatilgal0 pljovidred shll1. pnsl tonI1 to uip.late, the
caeculatonse is probvablye betpeter ohns the baccuracy aircraft littertill ntay gat ion. life alic, altff ii h'
Instrument noise and dri ft, 1-2% for a single system has% a d-l it or apwIpi,,imately 1.5 It" r-r 11',1,:
footprinlt, thus. the neced to up'date with the ship Vonl titleii. I h!

The SAR data was collected from 75* to 80*1I anid 1Wil cofioarisoti br'twvri thle SARl atol S111111 ais lie~. In I Iqiar e
to 109E. Table 2 summarizes the Itittera ShAR-I anid -2 I appiears to be quite gond, tile SIVI aliti SAR rtejos
parameters. This SAR system Is described lin ref. [3J. agiree to within 25 Los or eachi oter liols 25 ~m i

wi thin tile 50 km resniut ioi of the Slhivl? sei:,jr.Thfe SAR data was digitally processed onf board thle A portion of the Oddeit area Is tindicate'd onl the S'.Raircraft and radio downlinked to the POLAR CIRCLE. interpretation (Figmei 1). A pliotoqvapil'tie (0 ii.:I:Mosaics of the SArt data were then generated and th IL~ IC(0 hsOieac s~id nI ljmaniually/digitally Interpreted In respect to Ice type, 2.ilei siUA CIRCuLEftin s of ldie ave-air Is -,hvm lilt I l"itl
conlcentration, anid flow size distribution. A2.list aqiofsofle - roati-
description of tife SAR anialysis Is gvivlenii ref. [4J. of the 'I'tnl _i (1.11111 (/r.rrI n,1.1 4011) lull' fii. il
The accuracies of the SAR interpretations are Ice was 5-10 coo thick 101,1 giartuiar liancake flu-7- toit'i

approximately 5% In respect to concentration anid floe aibulk 3 saliityoftapproimatey dat f/rom4Ar ilIn
size distributions. rgr srmt eiigdt ri pi '7

Throughout FIIZEX '87, two vessels, tile Ice aejalt, sihowing tile SFN-111 cuwacetitial lot. the. SiAR-1 Still
streiigtisened H/V POLAR CIRCLE atlid tile opeti water R/V Imagery aned at, ititeilerctation of thfe SAIl ilit~i. fhil,
HAAKON MOSBY, operated In the test area. life ships SI4l111SAII coouiparisouiicrepd to a test SItej ',-7
were equipped with sophisticated meteorological ofai tme revious cquisewell tlot time S191P 'Jai (I4 e.
measurement devices. Both ships also deployed a CIO gi orsod ut :l oteS~Odt ie

adcurrent meters. Ice samples of the Oddesi were wi thini approximately ?5 irm). life SARl data oo-

obtained by POLAR CIRCLE. A complete descriptioni of cov'fllece lit. toxis ltelyte'ltl Wino aItilt tile ',,tI.
the In situ 141ZEX '87 measurements Is discussed lin ovef a f~it .Q Ijnreat Is it#lr,iimtely~ In 30 Fll' and*ý I! i

that was tint visible orl tile SluIR data. hIiui Ice Ill
tite tnew Odifen area is cc'i.pseli of( luo! o anitl~ir tvil las
3 con thick with bulk %sailinity tit a~i~inyitr-iv'.t'l !3 '

A luhinietgi *liit tali'et refill tloe lIOIi! A IP tt At r tit hilhl,. hIi
Ice Is sltowti t lie li~joi 4.



Eight years of NtIMBUS-i SM-1iR derived total Ice We must thirl eIove ý.C-ll a p -ntiitlii tt

concentration were studied In the Greenaiiad Sca to %tic h as q~niin of I ili-111 m'.i I it" l warin .1I ~ ~observe Oddeni growth aiid decay. Usling 75*fl ind 0. as watcr by edify cii citlatluti ov- Ice eri'l tIW'iIIij .irI
a reference point, Table 3, wlitch was genierated from thent call bc eqi'osed to atinopiieric reonl iti b) %.lilch
analysis of tile NASA Godda rd N ilWIU- 11.57 Sith111 der ived Ice 1.1 tit lacein I tmpi'ia -"I, t' an ilii ' I Io hr' hiri':littj v,' jut
concentrationt data recorded onl a video tape, IindICates (i.7*C 10 ,11ths %alinlity). we si('etthat i'iv.-I lili
the appearance and disappearance of the Odden. off-ice edge wltids with air- te'iq'eiatute of -11)' to -IExamination of Table 3 reveals the Initial formationi 20* for 2-3 days ate sufficeient to causte this drop.
of the Odden In December of most years and Its general lit addition to atmospheric coolling the in-port~jnce of
disappearance In late April. Note the absenice of any Ice freezting subsequenttly followed by salt injecti,)n
Odden from 13 April 1983 to 13 February 19E5. must be conisidered. Regular repeat of siich evientsIThe monthly variation of tile Odden can also be will signilficanitly inctease thle sallinity nf file
obtained from Table 3. in general, tile Oddlen forms In surface layer. Ilit" relative contributiont of tit.ýr. t%.,)
December and remains through February. During processed cait be quantit fled by a slii~le wodelI. lite
February. March, and April tile Odden will sotietItI e oscil lltloits of tile Ice extIent lead to swloniicantt
migrate (I.e, grow atnd decay) oil a weekly basis chaniges III the' vertical hicat flux betwerntilte OLVAII
dependent on local meteorological and oceanographic amid tile atmoisphe're.
conditions. 4. SUMMiARtY

filil-BUS-7 SrlUiR dlata attd SAR aircraft data w~as ot.o'i to
observe rapid 0,kieit Ice Iloimatleio iii lite (anst

tWut ]. "tt't
1

S1511054 f' eltorv~un of th, (1 ii 14-t U- I .q G i ectn I amid Ctin ci e t . Ilife Oddrin sea Ice jptoWIt tii, itte.
?5*ii andi WE at a iiete..tc. i..tt fot-ins typical ly lii U-ceutubor of eacho ypar and~

Iat ,t -it Vfttl disa'pcav,s litt titd to l ate Apr-il . life QdJeti which Iscii

E lep o a '~ 0 ,A~ .! e s 
nr~ r ~ o t a r e s u l t o f w I nd i td ttc e d p a c k I c e dit I f t , b u t t!Pmr#_"* tsaneatm Al~t1ti-trather new Ice fotmvatlon off the malit Ice edge

Q03-711 02. 0149 1? 20 82 0c60 iiconipasses 2t0fl,000 squtare ki lomteters and extefids to
03-i-i 27-19-8 02 16 111 5*1 at 7r511 at Its maximittnt extetit. hlite Oddeti Is

01-10-1?9 01-3049, 02-26-8) 02 28 113 compiosed of filies 3-5 ciii thick Ice whichi tt ansi tiott
01-'a,-80 03-15-80 01-U-113 03-12283
03-,25-80 *flit-SO 04t-11-8 04 11 a] itito 5-I0 ciii paticake floes. lite Od-Ieni was fuiiservc'J to
04.04-S0 a4-06860 02-ti-0s at 19i as decay apptoxiintately 200 kin leitti the tw -irtlud betweett
12-26-SO 02-02-81 e031-85 04-20-85 31 Marci aitid 2 April.

03-0461 0-011-111* 1224-8 U-3 as ifc' nq~arsniis hbetweecn the SAlt aid ] S11111? o.,'iitc"-

04-4-2 0-1-8 020686 03-? , acculta y tit to01) an111tilte 'I-illi itiv0iif Plv'it j Jillh

with iiiaker concetintrtion between 03130 and 03-71-87 lesulut intl) agreeltig to wi tlilbt 25 kin.
End o f d ot s record 5 . 1 h t i r

1. Cavilierl, D.J.. 1'. Gloer-scn, miid II.J. Cai-pb-li.
Detetitilitat itn of sea Ice paramiete'rs wi th theIThe eight years of Goddard processed Synil data were IIIlItIUS-7 St-lilt. JGA, Vol 89. 5355-5361), 19841.

also used to study the maximum extent of the Oddeti.
On 14 January 1979 and 2 March 1986 the Oddeit extenided 2. Gloerseii, P.. atid D-1. Cavaileri, hte'ictlimt of

out to approximately 5*E from 73*20' to 751401N. 1 ie Weather cffects lit tile calcuiatiimn oi sea Ice
areal extent of this maximum Odden condition wihent coiceniia~t loit lim nilceowave radhiatces. .1i.R. Vol
compared to tile non-Oddene April through October 91, 391l33919. 19116.
condition Indicates 200,000 square kilometers of sea
ice formed from approximately 730 to 760N. 3. Sittclitnan, ft.A., L .L . Sutithcti ani. R.A. Pieto ns, .:Iii

SHM34 data from 27 March to 8 April 1981 (figure 5) [j1). t,,Ivitt. WiII7I 111!17 'All data %isttnmait~ihihi,
were studied In detail to ascertain the effect of wind Ii lot matInn ii Rr'nrt 1il~tt3l

(speed aoid direction), air and sea temperature onl

Odden formation. Figure 5 Indicates thie Odden area 4. (aiiphi'l , W-1., 1 '. 6lovi-set. **.ti o',p I.1I.
was relatively constant 27-31 March. rrom 31 Marci to Jtiiii eIi'.S. Gtiett. 11. t1jiu(tatea 'I .A.
2 April the Odden decayed approximately 200 kilometers SIti~iinmiin. PI.A. llitiiuiý, h11 tiiil¶i. anii- I.1I

In that two daty period. Tile Odden agan lit icreased lin Pavliti.iii Vat tat inns ni nrotal.iit~ t g'srih

size (iipprox itate Iy 75 kin) from the 4 Apilti to 6 aoid 0 SPr i l IteP 1-1o ii11. 191. lir "Illn-t*JI itti I t.t. ..

April 19117 time period. rYiOVet11 mvi S as ')lVri d by nil1i 1.10.-11 Ito'11`11t

Neglecting local Ice formation and melting, this scnsoing. JGR, Voil 9. 6111.5-61174¶. 1901.UImplies an unusually stronig zonal ice drift lin the
Odden varying between 0.5-1.0 m/s. Assuming a free 5. h-1171X 87l GiouPi. 14itX [ast 19117: lite wlinter

Ice drift model the wind speed required to provide nimioilii.il ice into' pitiuniam lin tile riam
titis Ice drift Is calculated to be between 25-50 fee/s. Stialt/Givetiiaiid Sea. acr~eiteI lin 1`01 (11 hins)
Examination of the local winids lin Figure 5 revealsIthat tlte wmexietum winid speed was 15 m/s dut-itig Lthe 27
March to 8 April period. 6. ACt Ih.113tIVA1iliih

Thus, a more feasible explanation Is tile rapid liie EIIII iinrt ion or thir aiiahysls waS suter-pitt I'd y
formation of thin new ice off the main Ice edqe. Tile Office or Nlaval hteseaicli (()III) Conltract Iiflti1lih-ol.C.
typical mixed layer temperature off tile Ice edqe lin f?. life 01ilt lr~cifitrai hW1iitoii. sheicht. lie. I' A.

the East Greenland Sea during winter Is less thant -I' Luther aiiih Ur. lhoint-iý Ciii iiii. life IIAA r.ind-.11-i1
C with salinity ranging from 34.3-34.5 0 /no. lIn order aitii) sIs %nas niig'potoied by the IIA',A hIhIIU'II Pi-i-tj.t
to set up deep water convection alitd eventually formt Of I ice:. fle U-111..(.11 "c"tite steit-iiii Crtitter

bottom water. tile water must reach a salinity of about conitriloth lot$% wete also. pise iotiiied i nutic, 0111

34.9 0/00 and a temperature of -l.3*C. sponsorship.
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POLARIETRIC RADAR MEASUREMENTS OF ARCTIC SEA ICE
DURING THE COORDINATED EASTERN ARCTIC EXPERIMENTl

Robert G. Onstott

Radar Science Laboratory
Advanced Concepts Division

Environmental Research Institute of Michigan
Ann Arbor, MI 48107 USA

ABSTRACT program is discussed in a companion paper titled,
"Comparison of SAR and Scatterometer Data

During March 1989, the first fully Collected during CEAREX.* Ice types encountered
polarimetric radar data of Arctic sea ice during the early spring conditions (March)
coordinated with detailed surface included nilas, new ice with frost flower gr..wths,
characterizations were obtained in the Greenland pancake, first-year ridged ice, second year, and
Sea and at frequencies of 1.8, 5, 10, and 35 GHz multiyear. Measured ice thicknesses varied from
from the rail of an ice-strengthened ship as part less than a millimeter to greater than 5 meters.
of the Coordinated Eastern Arctic Experiment First-year ice thicknesses grouped into 0.3, O.S,
(CEAREX). Observations were made of numerous ice 0.8, and 1.6 m bins. In addition to measurements
forms and included multiyear ice, first-year ice, at sites of representative major ice types, a in
and many stages of new ice, with the addition of situ measurement program similar in scope to tlt
the thinnest forms, very fine spicules of ice in performed at the U.S. Army Cold Regions Research
suspension. Transits were made from open water and Engineering Laboratory in an outdoor tank and
through the ice edge and, after a significant similar to that proposed in the future LEADS
opportunity when off-ice winds created a diffuse investigation where the microwave signature of ice
marginal ice zone (MIZ), to nearly 35 ne through as it forms from open water and until it attains a
the NIZ into the pack ice. several centimeter thickness, in this case 3 cm,

is continuously observed. Additional liquid ocean
INTRODUCTION measurements were made at several positions near

the ice edge and under varying wind speed
During the eight-month CEAREX investigation conditions. Transits through the Odden, a feature

the ice strengthened ship *R/V Polarbjorna was of new ice, many 10s of kilometers in extent,
utilized as a platform from which to measure which juts out from the mean ice edge in the shape
active and passive microwave signatures of snow of a tongue, was made on two occasions. These
and sea ice. Observations began with fall freeze- polarimetric scatterometer observations were
up, continued through the winter ice growth performed at angles from 200 to 700 and have been
period, and were completed during early spring. A summarized in Table 3.
study approach was developed so that microwave Scene characterization measurements were
measurements were closely coupled to surface conducted to provide documentation of the general
observations with the purpose to allow ice feature makeup of the sites chosen for study and to
signatures and physical properties to be provide detailed descriptions as to the
documented for later use in detailed examinations characteristics the of snowlayer, the low density
and in theoretical model validation. Microwave ice layer on multiyear ice, the high density ice
signature studies extended from 500 MHz to 100 layer for both first year and multiyear ice in
GHz, included complete polarization terms of layer thickness, density, salinity, gas
diversification (i.e. VV, VH, HV, HH), and complex bubble size statistics, bubble geometries. Small
data (magnitude and phase) collected at selected scale roughness measur-sents of the ice-snow
frequencies from both ship and aircraft sensors. interface were also performed to obtain
The active microwave measurements and scene information for their statistical description.
characterization measurements conducted during In making these scattering measurements, the
CEAREX have been briefly summarized in Table I and amplitude and phase of the scattered field at V
2, respectively, and H polarizations fo- each of the like transmit

During March, scientific operations were polarizations (i.e. V ied H) were measured. These
carried out in the Fram Strait area as indicated data will be used to produce covariance matrices
in Figure 1. The first polarimetric measurements which are composed of complex scattering
of sea ice with documented physical properties coefficients and are of the form
were made from ship and aircraft. These
measurements were conducted to complement the a <vSvv0v> <SvvSvh., <SvvShh0 >1
other ongoing shipboard passive and active (non- C1hbSvv.> .<SvhSvh.> <3vhShh.>
coherent) microwave collections. The I<ShhSvv . <ShhSvh*> <ShhShh >
coordination between the airborne synthetic
aperture radar (SAR) and surface-ship measurement

l
I
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where Spj is complex and represents the scattered Table 2. Ice Characterization Measurements
field produced when the transmit polarization is pDuigCA E -8/9
and the receive polarization is J. In theDuigCAE 819I
analysis of these polarimetric radar data, the Snow Characterization (General)absolute and relative magnitudes of the real
scattering coefficients (i.e. aovv, ohh, and Surface Roughness
av0h), the correlation between the returns at vw o est c ae
and hh, and the difference in phase between the Lwestleae
two co-polarized elements of the scattering matrix . High Density Ice Layer
(i.e. Shh - Bvv) will be of particular interest.

.Density
SUMMARY I aint

Preliminary results from this investigation are .Temnperature
susmmarized in Table 4. During the oral
presentation, the interpretation and implication Inhomogeniefies inIce (Thick Sectioni)
of these results were described as well as to how OW
this information may impact geophysical satellite Table 3. Ship.Based Polarknimtrlc:Scatterometeralgorithms. site
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MIZEX '84 NULTIFREQUENCY HELICOPTER-BORNE
ALTIMETER OBSERVATIONS OF SUMMER MARGINAL SEA ICEI

Robert G. Onstott

Radar Science LaboratoryAdvanced Concepts Division
Environmental Research Institute of Michigan

Ann Arbor, M! 48107 USA

m ABSTRACT borne instrument was to provide accurate
scattering coefficients (v6) or reflectivities of

Airborne radar measurements were acquired in ice with well documented physical properties andJune and July 1984 with a frequency-modulated, to provided data which very accurately allows the
continuous-wave radar scatterometer operating at correlation between measured reflectivites with5.25, 9.6, 13.6, and 16.6 GHz from helicopter over specific ice and water features.
the From Strait marginal ice zone. Altimeter
observations were coordinated with surface HELICOPTER-BORNE RADAR SCATTEROMETER
characterizations so that reflectivities are
relatable with particular ice types and forms and Signatures of a variety of summer sea ice
the quantification of responsible physical forms were acquired at incidence angles from
properties. Results show that variations in vertical to about 70D. Multiple antenna transmit-
reflectivity are directly attributable to liquid receive polarizations were also used, of
ocean conditions, ice type, and deformation significance at angle! off vertical. Antenna
characteristics. Results also illustrate that beemwtdths, ranging ftom 20 to 5 over thispotentially both ice extent and concentration are frequency range, produced ground cells of from Is
geophysical information that may be retrieved to 2m diameters at a nominal operation altitude of
using altimeters and that selection of sensor 20m. The radar used was a wideband frequency-
parameters impact the accuracy of the estimates. modulated continuous-wave radar. It was operated
Determination of ice type based on reflectivity from the side of a Bell Model 206 small helicopter
alone appears to be tenuous during summer. and with a geometry shown in Figure 1. Nominal

system parameters are provided in Table 1.I INTRODUCTION

Monitoring of polar ice is important in the
understanding of the cryosphere. Determination of
ice sheet mass balance and sea ice extent and
thickness is very important in this study, since
it is known that these properties have a
measurable effect upon, and are impacted by, 'it
global climate and high latitude weather. With
microwave sensor-equipped, polar-orbiting
satellites these and other processes may be -
observed temporally and our understanding
improved. Remote sensing instruments such as the
radar altimeter (the subject here), provides the
means in which this may be done; in an environment
that allows very limited access and is imeense in
areal extent. .(

During the summer of 1984, an experiment was
conducted from land and from surface ship in the
marginal ice zone in the Fram Strait region of the
Greenland Sea. Data were acquired to evaluate the
ability of radars operating at normal incidence to
provide Information which may be used to
accurately determine ice edge location, Ice
concentration, ice type or thickness, and large-
scale surface roughness. Measurements were made
from an aircraft equipped with a 13.8 G6Hz
a ltimeter called the RAL altimeter and from a
helicopter equipped with a nadir-looking
scatterometer which operated at 5.25, 9.6, 13.6. neo , ummom OPM - uNQ
and 16.6 GHz. The emphasis with the helicopter-

I
I
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REStLTS Table 2), are also capable of producing large

reflectivities. In a case at 5.25 GHz,
Data were acquired by flying scans from reflectivities similar to those of the interior

several nautical miles in;o the open ocean, across ocean were produced. An additional feature of

the ocean-ice edge, and deep into the marginal ice significance in describing ice and ocean
zone until large floes were encountered. Two such reflectivities at vertical is the, oftentimes,
examples are shown in Figures 2 and 3. To very large standard deviation in signal returns. l
illustrate the inverse correlation in the This and the similarity between ice type mean
magnitude between returns obtained when operating reflectivities suggests that ice type
at vertical versus off-axis (i.e., 250), transects discrimination based on reflectivity during summer
are shown at (a) 9.6 GHz, HH polarization, and 250 will be difficult.
and (6) 13.6 Gliz and 00. Five distinct liquid A
ocedn signatures were detected. At vertical, ACKNOWLEDGEMENTS
reflectivities became progressively stronger with
propagation into the MIZ. Ocean features were This work was supported by the National Space
ide~ntifiedI as fnllnws: and Aeronautics Administration and the Office ofNaval Research (ONR) under contracts N00014-86-C-

open ocean signature, 0469 and NAGW-334. The Technical Monitors were
ocean at ice edge signature, Dr. Robert Thomas and Mr. Charles Luther.
ocean at ice edge no-"eturn band signature,
MIZ interior-ice ocean signature, and
MIZ interior-ice floe shadow signature. Tabie 1. NOMINAL SYSTEM SPECIFICATIONS

In the off axis radar geometry case these
ocean signatures varied over a range of about 20
dB, with very weak returns possible in the ice Description C-Band X-Band Ku-Band Ku-Band 1
interior. In the vertical geometry as illustrated
in Figure 3 very strong specular returns may be Ty"e FUCW FM CW 1,.IL(W FUCW

produced, up to 17 dB greater than those produced Rti5,i, Q2 36 ,36 166

in the open ocean. Hence, Mater shadowed by ice •".m, ,,. . W ,, ,,I,,*. - ,,1. I
floes is very smooth and specular in nature. A
second observation is that returns produced from s.0.M•ld.l,,I,, - . -,-
sea ice in the MIZ with a moist snowpack are as ,,w PN., 10 10 ,, to
much as 30 dB weaker than the returns produced by IFU UjjWMI It '5 0 'is 135
the liquid ocean. Ice reflectivities at vertical IFmnewof Kit, 50 50 so
for ice with a thick snow cover are about 8.5 dB
lower than that of the opn ocean. With identical A, , Ir•.;.*4 ,' ...
surface roughnesses a difference of 8.7 dB is ,. '"s " "
anticipated due to an alm.ist order of magnitude " 1, 34 ,., ,
difference in their dielett.ric constants.

A summary of radar scattering coefficients .... ,.ljk.$,l,., 061o . r,. I , 0 .;o
and their standard deviations for seven general A,,.. 20 20 20 20

scene classes is provided in Table 2. Detection 1 A..'a 060 035 035
of the ice edge is not difficult in either the 00
and 250 viewing angle cases given knowledge of the A. b,,W - 2W ... 01 2so.

expected edge ocean-ice microwave signature 111 10 10 ,o
responses. It is also apparent that positioning
errors may be possible and are dependent on -. "d . -- ! -,.A4, b.Wd k,

altimeter algorithm properties. A potential c..... ,,, LE.g.tL• 0I4,• ,.,L., L.b.g I'
example is the dead water zone (2km width) at the
ice-ocean interface which may be confused with
grease ice.

Relationships between regional scattering
coefficients and ice concentrations were Table 2. Rada Scattenng Coettaents (dB) at Vefral..
determined at 9.6 GHz and 250, at 13.6 GHz and 00, mif Marnial ceZoneon5 Jul4y 194
and 9.6 GHz and 00, and are shown in Figure 4 to 6
respectively. Regional averages were performed in Frequncy
the log domain and linear relationships between Scen 11__ ____ 13__ I
cross-sections and ice concentration resulted for _ s • 1360H 6G4
both the on-axis and off-axis cases. This ocow 14s5t1 1s9to?

relationship result is expected for our case where m
resolution is of at least 3 scale finer than the o• o 174*1.4 21, ,S.m
size of individual ice floes or the spacing W11 133*10.1 2. tZ 24.5t24
between ice floes and where there is ample
contrast between ice and water. nm FY 20*12 6.4t94 02*16 33*s5.

The difference in the -eflectivitles between MW, Y.1 47,2l
ice types is small, typically on the order of 5
dB, and attributable to mwnor variations in u%,Vyw-sc -1.3*30 7.9*,3 1 10so

surface roughness scales. However, floes, such as
heavily meltpooled multiycar ice (a case shown in M,•.,,dP 104*12 33*3 m

m
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MULTI-FREQUENCY SA.t, SSM/I AND AVHRR DERIVED

GEOPHYSICAL INFORMATION OF THE MARGINAL ICE ZONE

R.A. Shuchman. R.G. Onstott. C.C. Wackerman, C.A. Russel, and L.L. Sutherland
Center for Earth Sciences, Advanced Concepts Division

mEnvironmntal Research Institute of Michigan
P.0. Box 8618, Ann Arbor, MI 48107 USA

O.M. Johannessen, J.A. Johannessen, and S. Sandven P. Gloerson
Nansen Remote Sensing Center NASA Goddard Space Flight Center

Bergen, Norway Greenbelt, MO 20771

ABSTRACT 2.0 SIZEX/CEAREX DATA SET

Coincident three frequency aircraft synthetic The SIZEX/CEAREX data discussed in this paper
aperture radar (SAR), NOAA satellite Advanced was collected on 17 and 20 March 1989 in the
Very High Resolution Radiometer (AVHRR), and 01SP Greenland Sea Marginal Ice Zone (NEi) centered at
satellite Special Sensor Microwave Imager (SSM/I) approximately 77"N and 0" longitude. The 17 and
data were collected during the Seasonal Ice Zone 20 March data are representative of nine
Experiment (SIZEX) phase of the Coordinated coincident SA, SSM/I, and AVHRR data sets
Eastern Arctic Experiment (CEAREX). The collected during the month long expedition.
SIZEX/CEAREX experiments discussed in this paper The ice strengthened research vessel Podaon
occurred in the March 1989 time frame in the operated within the scene covered by the SAR
Greenland Sea Marginal Ice Zone (MIZ), centered mosaic and satellite data. Sea truth,
at approximately 77" N and 0' longitude. The meteorology, and physical ice propertyaircraft X-, C-, and L-band SAM data were co- measurements were made from the ship. Table 1 is
registered on a 5 km grid with the passive an example of the types of sea ice and theiroptical AVHRR, infrared AVHRR, and passive physical properties characterized during themicrowave SSI/I data. The SAR had a resolution remote sensing collections. The wind speed and
of approximately 10 meters while the AVHRR and air temperature as measured by the ship for 17
SSM/I resolutions were 1 km and 25 ko, and 20 march were 5.4 m/s, -23.2'C, 3.5 n/s and -
respectively. IS'C respectively.

Ice information from individual sensors were The high resolution SAM was also used tofirst-compared, then the sensor measurements were detect icebergs and gravity waves as they
used together to provide information on Ice-edge propagated from the open ocean into the ice pack.
location, spatial ice type maps, and ice although this will not be discussed in thisconcentration. In addition, information on the paper.locations of eddies, local wind speed, and sea Figure 1 presents the SS/1, AVHRR and SAR
surface temperature over the non-ice covered data for 20 March. The 25 km resolution SSM/I
areas of the MIZ were generated. Data fusion of brightness temperatures were converted to total
SAR and SS1/I data proved to be particularly Ice concentration and multlyear fraction using
useful in separating open leads from frozen the standard NASA algorithms (1] and converted to
leads. surface wind speed over open water using a Navy

algorithm (2]. The 1 km resolution AVHRR channel
KEYWORDS: SAR, SSM/|, AVHRR, data fusion, CEAMEX, 4 (infrared) was transformed directly into sea
marginal ice zone, sea Ice, concentration surface temperature values. This data along with

the AVHRR channel 2 (visible) data is presented
1.0 INTRODUCTION in Figure 1. The "AR data in Figure 1 has a

resolution of approximately 10 a and a wavelength
This paper describes the fusion of synthetic of 5.6 cm (C-band) with vertical transmit and

aperture radar (SAM), Special Sensor Microwave receive polarization. Recall that the new
Imager (SW/1), and NOAA Advanced Very High European Space Agency ERS-1 SAM satellite will
Resolution Radiometer (AVHRR) data to study use the sam frequency and polarization
arctic processes. These data were collected combination [3). The images in Figure I were
during the SIZEX/CEAREX experiments that occurrmi each scaled differently. The SSN1/I
in the Greenland Sea in March of 1989. concentrations were scaled between 0 and 100%

By the turn of the century large amounts of where 0 is black and 100, is white. The SS/I
SAR satellite imagery of the polar regions will wind speed estimates were scaled tetween 0
be available. These data will com from a series (black) and 40 (white) knots. The AVHRR derived
of satellites; European ERS-1, Canadian RADAMSAT, surface.temperatures were scaled between -25'C
Japanese ERS-1, SIR-C/X-SAR, and EOS. Thus, the (black) and 0"C (white).
combination of SAM, SSN/I and AVHRA satellite The SSM/! and AVHIRM data products described
data will become central to the assessment of above were resampled on a 5 km grid and
arctic environments. coregistered based on their latitude and

longitude values. The SAR mosaic for 20 MarchI
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was manually interpreted on a 5 km grid as 4) The combination of all three sensors pro,,iUe
described in (4] to extract total ice accurate ice information as well as sea 3
concentration, multiyear fraction, floe size, surface temperature and wind speeds.
lead, and ridge statistics (see table 3). This
data was also registered on the same REFERENCES
latitude/longitude grid to facilitate comparisons
between the sensors. (1] Gloerson. P., et al., "Reduction of Weather!

Effects in the Calculation of Sea Ice
3.0 DATA FUSION RESULTS Concentration from Microwave Radiance. J.

Each of the three sensors provides a number of Geophys. Res., Vol 91, pp 3913-3919, 1986.

geophysical data products for the Polar Ocean (2] Hollinger, J., "DNSP Special Sensor
region. Table 2 summarizes each of these data Microwave/Imager Calibration/Validation. OMSP
products as well as presents parameters that can Final Report Vol. 1, Space Sensing Branch of tj
be enhanced by combining the individual sensors. Naval Research Laboratory, Washington, OC, Julyi

A comparison of ice products generated from 1989.
individual sensors can be generated to test
consistency between sensors. Figures 2 and 3 [3] Shuchman, R.A., The Use of Synthetic Aperture
compare the SAR derived total ice concentrations Radar to Map the Polar Oceans, Proc. of OCEANS m
with those obtained from the SSM/I for 17 and 20 '90, Washington, DC, September 24-26, 1990 ;p U
March, respectively. In general the agreement is 402-409.
quite good. The same is not true for the
multiyear fraction comparisons (see Figures 4 and [4] Burns, B.A., et al., "Multisensor Comparisovl
5). On both days the SSM/I under-predicted the of Ice Concentration Estimates in the Marginal
multiyear fraction when compared to the SAR. The Ice Zone," J. Geophys. Res., Vol 92, C7, June m
coarse resolution of the SSM/I (25 km) may be the 1987, pp. 6843-6856.
cause of the underestimate. Fusion of the high
resolution SAR (10 m) can alleviate this problem.

Figure 6 shows a blending of the SAR, SSM/I, I
and AVHRR data products and demonstrates how a
composite picture of the MIZ can be constructed ACKNOWLEDGMENTS
by data fusion. The Ice edges derived from each
sensor Individually are compared in Figure 6. This work was supported by the Office of Nave
The three edge lines agree to within 25 km (the Research (ONR) Contract IN00014-90-C-0148 under
resolution of the SSH/I). Note that the the technical guidance of Or. Thomas Curtin and
combination of the sensors presents a fairly Mr. Charles A. Luther.
complete environmental picture of the MIZ.

Additional data products can be derived from U
the sensors by combining the raw data values from
multiple sensors first, and then deriving ice
information. Figure 7 presents the results of
combining the SAR Intensity values with the SS/ /I
37 GHz horizontal polarized brightness
temperatures. Notice that the SAR 'alone cannot
differentiate open water from first year ice, but
a combination of the SAR and the SSM/I can easily
differentiate the two. While the SSM/1 alone I
does a good job of this, fusing the SAR with the
SSM/I a data product of much higher resolution
can be obtained. This result may allow one to
more accurately classify the various stages of
lead evolution. Surface winds over the leads and
at the ice margins may also be more
differentiable using a combination of
active/passive microwave sensors. m

4.0 CONCLIUINS RENRKS

Using a data set in the MIZ of the Greenland
Sea, SAR, SSM/I, and AVHRR data was compared and I
then blended to provide a more accurate picture
of the sea ice and liquid ocean geophysics.
Detailed comparisons between the SAR, AVHRR, and
SS/I indicated:
1) The Ice edge position was in agreement to

within 25 hm,
2) The SS/1 SAR total ice concentration compared

favorably, however the SSM/1 significantly
underpredicted the multiyear fraction, .

3) Combining high resolution SAR with SSV/I can
potentially map open water and new ice
features in the MIZ which can not be mapped by
the single sensors, and

I
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I ~Table.

Exapoles of Sea Ice Physical Properties During CE±'EA 'xa-cn !9E

Description Multivear IThick First-Ye3r `iounc Frst-Year Tir•, F'-st-rs:-

Ice Thickness - m 2.55 .64 1.64 0-11.5 .4 _ _ _ _

Snow Thickness - cI 26 : 19 9.5 8

T,- - C -18.3 ± 3.6 -19.7 I -17.5 3.5 -7;

T,. -C -16.2 ± 3.6 -13.2 -12.0 : 2.8 _ - _ _

Salinity . PPT 0.1, ± .19 8.4 t 3.0 9.9

Depth - cm 12 8 6 _

Density - kgm/m' 0.716 t .19 .900 t .03 0.844 C' 35.

Brine Volume 0.757 t .83 51 t 3 35_. _

Table 2.
Remote Sensing Derived Polar Ocean Geophysical Parameters vs. Sensor

Geophysical A
Parameter SAR SSM/I AVHRR Co__bnatio_

Total Ice Difficult at Difficult at Needed for MIZ arz
Concentration Yes the MIZ the MIZ First-Year vs.

Ocen Water

Multi-Year Fraction Yes Yes No SAR/SSM.'I
Improves Accuracy

Floe Size Yes No I km or Greater Not Needed

Ridges Yes No No Not Needed

Leads Yes No I km or Wider SARSSM'i Will
Discriminate Coen
Water vs. New Ice

Ice Eddies Yes No No Not Needed

Eddies in Open AVHRR/SAR Will
Water Maybe No Yes Mao Ooen Water

Winds at Ic. Edge Maybe Yes No SAR/SSM/I can
Potentially
Produce Ni
Resolution
Estimates

Ice Kinematics Yes No Gross Movement Only Not Needed

Icebergs Yes No La > I km NOt relel

I Gravity Wave
Propagation Into Yes No No Not Needed

the Ice

Table 3.
Manual Interpretation of the SAR March 20 Mosaic

mMin Max Mean

Total Ice Concentration (%) 0 100 59.2

Multiyear Fraction (%) 0 95 34.5

Floe Size (0) 0 5000 771 S

31.4% of Image Contained Leads
< 1% of Image Contained Major Ridges
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NEAR SURFACE MEASUREMENTS OF ARCTIC SEA ICE
DURING THE FALL FREEZE-UP

Robert G. Onstott

Radar Science Laboratory
Advanced Concepts Division

Environmental Research Institute of Michigan
Ann Arbor, NI 48107 USA

ABSTRkCT

Near-surface millimeter and microwave theoretically model multiyear backscatter to the
measurements were made during the September- study of how the properties of this layer,
October 1989 segment of the Coordinated Eastern particularly, density and gas-bubble size
Arctic Experiment (CEAREX) in regions located to statistics, vary with layer thickness, ice
the North and East of Svalbard. Microwave thickness, and ice age. Results relating the
signatures and physical properties were acquired microwave response to ice properties and how this
at a large numberof stations and included floes information impacts geophysical satellite
composed of first-year, multiyear, pancake, and algorithms was presented.
new sea ice. One of the unanticipated success
stories of CEAREX was the finding of systematic ACKNOWLEDGEMENTS
variations in the thickness and density of the ice
located in the uppermost p)rtion of multiyear ice This work is supported by the Office of Naval
sheets. Understanding the formation of this layer Research (ONR) contract N00014-86-C-0469. The
and its microwave signature is important to Technical Monitors were Dr. Thomas Curtin and Mr.
interests in both global climate change Charles Luthtr.
(potentially) and remote sensing science.

DISCU;SlON UPPER -Eý''T CHARACTERIZATIONS

Backscattering data w.!re collected from the =.. . _. . . _(

Polarbjorn" and from a sl,•-d-based tower using . .. •.. ..
polarization diversified "-adars operating at 0.5,. . . ... ..

1.S, 5.25, 9.38, 18, 35, dnd 94 GHz over the -. . .... . . . ....
incidence angle range from 150 to 80. Data were ....... ... ... .
acquired during transit (i.e., for spatial .. ..... . ...
statistics) and when at station (i.e., very
detailed coordinated measurements). Measured ice ' . .. .
thicknesses ranged from 0 to over 5 meters. *• ..... ... .. . .. . .
Scene characterizations (general description, P I
layer thickness, density, salinity, gas bubble
size statistics, bubble geometries, and surface CEAREX DRIFT STATION MULTIYEAR ICE SITE
roughness statistics) and oassive microwave
observations were also an integral part of this
program. " x.Vas

Understanding physical property and microwave
signature variations, a goal of this effort, is .
important in the study of ice physics and to the X .VH-45
process of retrieving geophysical information. "
Observat ions by the author on previousr
investigations clearly indicate that the physical UVV
properties in the upper fem centimeters of cold Xa-VV4S"
multiyear ice dominate the backscatter response at
frequencies greater than about 5 GHz. The IJL ia
conditions found during CEAREX could not have been I o w-vv.4s.
better -- they were laboratory-like in all i
aspects. A critical featu-e of these data is the I
diversity of the measurements with observations at L "uM*II f H Dro
sites where the upper ice sheet layer thickness _

ranged betreen 0 and 20 cm, density from 0.75 to 0 0 do so INl0.9 glm ca"°, and gas bubble size from 0.5 to 3 mmlsrne-mtr

(illustrated in Table 1). An example sled
transact is shown in Figure I to illustrate signalvariation along the Drift Station track. This Figure 1. Backscatter Response Along Drift

detail adds considerably to the ability to Station Study Track
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I SYNTHETIC APERTURE RADAR IMAGERY OF OCEAN WAVES IN SEA ICE
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ABSTRACT

The pressure for energy independence

and the natural resources of the Arctic
make year-round geological exploration in
this region a high priority. A major ob-
stacle to the achievement of this goal is
the lack of real-time information on sea
ice, - including its dimensions and dynam-
ics. The age or thickness of ice deter-
mines the class of ship or icebreaker
needed to safely navigate, and its fuel
consumption. The movement of ice masses
will influence decisions regarding location
and scheduling of drilling operations, as
well as actions to suspend activity at
certain ice-threatened sites. This move-
ment of sea ice can be caused by wind
shear, ocean currents, surface gravity
waves, or a combination of all three. This
paper investigates the ability of synthetic
aperture radar (SAR) to image ocean surface
gravity waves as they propagate into and
through sea ice. Also presented are brief
discussions on the ability of SAR to detect
ice types of various thicknesses and
icebergs.

I. INTRODUCTION

The pressure for energy independence and the natural resources of the

Arctic make year-round geological exploration in this region a high priority.
A major obstacle to the achievement of this goal is the lack of real-time in-
formation on sea ice - its extent in both vertical and horizontal dimensions,
and its dynamics. The age or thickness of ice determines the class of ship
or icebreaker needed to safely navigate and also its fuel consumption. The
movement of Ice masses influences decisions regarding location and scheduling
of drilling operations, as well as actions to suspend activity at certain ice-
threatened sites. This movement of sea ice can be caused by wind shear, ocean

*Presented at the International Symposium on Remote Sensing of Environment.
Second Thematic Conference, Remote Sensing for Exploration Geology. Fort
Worth, Texas, December 6-10, 1982.
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currents, surface gravity waves, or a combination of all three. This paper
investigates the ability of synthetic aperture radar (SAR) to image ocean sur-
face gravity waves as they propagate into and through sea ice. Also presented
are brief discussions on the ability of SAR to detect ice types of various
thicknesses and icebergs.

Synthetic aperture radar is a side-looking coherent imaging radar that
uses the motion of a moderately broad physical antenna beam to synthesize a I
very narrow beam, thus providing fine azimuthal (along-track) resolution
(Brown and Porcello, 1969; Harger, 1970). Fine range resolution is obtained
by transmitting short pulses or longer coded pulses which are compressed into
equivalent short pulses, usually the coded pulse is a waveform linearly modu-
lated in frequency. Historically, in SAR systems, the phase history of a
scattering point in the scene is recorded on photographic film as an ana-
morphic (astigmatic) Fresnel zone plate. The parameters of the zone plate
are set in the azimuth direction by the Doppler frequencies produced by the
relative motion between the sensor and the scatterer, and in the range direc- I
tion by the structure of the transmitted pulses. The film image is a collec-
tion of superimposed zone plates representing the collection of point scat-
terers in the scene. This film is used by a coherent optical processor which
focuses the anamorphic zone plates into the points which produced the micro-
wave scatter of the scene (Kozma, et al., 1972). Recently, SAR systems have
employed digital techniques to both record and process the data. Digital
processing typically uses matched filtering techniques to "dechirp" the signal
in range, while fast Fourier transform (FFT) techniques achieve the required
azimuthal compression of the SAR Doppler history (Ausherman, 1980). I
Specially-designed digital processors have also been designed for real-time
processing of SAR data aboard the aircraft for display or to be transmitted
to a ground receiver via a digital downlink.

The SAR data used in this study were collected by the Environmental
Research Institute of Michigan (ERIM) SAR system* operating at X- and L-band
(3.2 and 23.5 cm wavelengths, respectively). This system can operate in
either a four-channel, narrow swath mode, or in a single-channel, wide swath
mode. In four-channel operation, alternate X- and L-band pulses (chosen to I
be either horizontally or vertically polarized) are transmitted, and reflec-
tions of both polarizations received; thus, four channels of radar imagery
are simultaneously obtained. Both polarizations of X-band are recroded on
one film, both polarizations of L-band on another. The slant range swath
width for each channel is approximately 5.8 km. In the wide swath mode, only
X-band horizontally-poldrized pulses are transmitted and received to obtain a
total slant range swath width of approximately 21 km. The nominal resolution
for the system in either mode is approximately 3 m for both slant range and
azimuth. Recently, a C-band (5.3 cm wavelength) capability has been added to I
this system. A more detailed description of this SAR system Is given by
Shuchman, et al. (1982). This system also has a real-time processor (RTP)
which processes a single channel of data into imagery for display aboard the
aircraft. The output of the RTP is of low quality and is typically only used
to check flight line locations.

II. SAR IMAGING OF OCEAN WAVES IN SEA ICE

In numerous regions of the Arctic, large areas of sea ice border on large
stretches of open water. These areas are typically subject to cyclic ice
ablation and accretion resulting in a very complex and highly mobile boundary
between open water and sea ice. One of the more spectacular processes to be
observed at the ice edge is the propagation of large ocean waves into the
pack. The wave damping that takes place Immediately attenuates the shortest

* This SAR s stem is now jointly owned by the Canada Centre for Remote Sensing

(CCRS) and ERIM and Is housed in the CCRS Convair 580 aircraft. Collectively,
It Is now known as the SAR 580 System. 5 2 8
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waves, but long swell can propagate many tens or even hundreds of kilometers
into the pack. It has been reported that the energy decay of waves in pack
ice is exponential with an attenuation coefficient which increases with wave
frequency (Squire and Moore, 1980). It has further been observed that the
size of floes increases with increasing distance into the pack. This
phenomena has been related to the energy in the waves that penetrate that
distance into the pack (Squire and Moore, 1980). An additional study, which
examined the response of a tabular ice island, concluded that wave fracture
mechanisms not only determine the ice floe sizes, but limit the maximum size
of iceberg to be seen in the open oceans (Goodman, et al., 1980). Recent work

has also shown that waves exert a radiation pressure on the ice. This has
been proposed as a mechanism by which polynyas open to form Ice belts in re-
sponse to offshore winds (Wadhams, 1983). Ocean swell also acts to consoli-date or compress the ice into the pack, thereby making it less navigable, andalso modifying the heat exchange with the atmosphere.

Typically, measurements of waves in an ice field have been made by in-
strumenting individual floes within the pack, although some work has been
reported using airborne laser profiles (Wadhams, 1975), and submarine-borne
upward-looking sonars (Wadhams, 1978). One of the great advantages of using
a high-resolution SAR to image waves in the ice pack, is that all the effects
described above can be quantified by the same instrument at nearly the same
time. The waves in the open sea, which drive the process, can be quantified
(Shuchman, et al., 1983), or the waves in the ice can similarly be measured
(Raney and Lowry, 1978), polynyas can be observed, floe sizes may be measured,
and ice dynamics can be observed (Mercer, 1981). These capabilities coupled
with the weather and solar Illumination independence and the ability to pro-
vide near real-time high-resolution imagery, makes SAR an ideal sensor with
which to study these wave/ice interactions.

Four-channel SAR imagery of ocean waves In pack Ice Is presented in

Figure 1. These data were collected using horizontally-transmitted pulses on
25 February 1977 in the Labrador Sea near Hopedale. The waves in these images
are propagating from left to right. Several points should be emphasized re-
garding the imagery. First, notice the rapid attenuation of the waves in the
imagery as they propagate into the large consolidated flow in the right por-
tion of the imagery. This attenuation is most likely caused by the rigid
nature of the large floe not allowing orbital motions to occur. Additionally,
note the non-sinusoidal nature of the intensity distribution across the wave;
this is particularly noticeable in the left portion of the imagery. Presented
in Figure 2 is a single channel of SAR imagery of ocean waves propagating
through ice-free water during the GOASEX Experiment (Gonzalez, et al.. 1179).
These data were c~llected by the same SAR system and show nearly equal widths
of alternating bright and dark areas corresponding to the waves. The non-
sinusoidal intensity variation of waves in ice is also manifested by harmonics
of the dominant wavelength in Fourier transforms of the data (Lyzenga, et al.,
1983).

The imagery presented in Figure 1 was limited in extent and thus did not

Include the waved
byclthe A e 5 eS prior to entering the pack. An analogous data set collected

by the SAR 580 stem did include waves propagating in the open ocean,

single pass. This data set allowed the transformation of waves as imaged by
the SAR to be studied as a function of distance into the pack. Due to
proprietary restrictions placed on these data by the sponsoring organization,
the processed imagery, flight date, and collection area cannot be disclosed
at this time. These data were optically-processed and digitized using the
ERIM Hybrid Image Processing Facility (HIPF) described by Ausherman, et al.
(1975). By going to digital recording, the authors were able to study the
transformation of the waves as they propagate through the ice using digital
fast Fourier transform (FFT) techniques. For a complete description of this
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process, the reader is referred to McLeish, et al. (1981). Estimates of
dominant wavelength and direction were produced as a function of distance
into the pack and are shown plotted in Figures 3 and 4, respectively. The
dominant wavelengths are seen to increase from the time the waves enter the I
pack until they disappear on the imagery. These increased lengths are
consistent with previous work done by Squire and Moore (1980), who reported
that the energy decay of waves in pack ice is exponential with an attenuation
coefficient which increases with wave frequency.

The direction of the dominant waves is also seen to change with increas-
ing distance into the pack. The physical mechanism responsible for this
changing direction is not clearly understood at this time. Past measurements
of waves in ice were not capable of detecting wave direction due to their one- I
dimensional nature. Clearly, SAR provides a unique and valuable method of
studying the characteristics of waves as they propagate into the pack.

Three principal SAR imaging mechanisms have been proposed for gravity
waves in non-frozen water (Alpers, et al., 1981). These include (1) tilt
modulation, (2) hydrodynamic modulation, and (3) velocity bunching. The first
two of these describe the variation in the actual radar cross section of the
surface across the wave, while the third is a consequence of the mis-mapping
of scatterers with non-zero radial velocities, which is peculiar to the SAR I
as a range-Doppler imaging device.

Much theoretical and experimental work has been done to quantify the tilt
and hydrodynamic modulation effects for ocean waves. This work is predicated
upon the Bragg scattering model which appears to dominate the microwave back-
scattering properties of the ocean surface at intermediate incidence angles
(Wright, 1966). Similar effects may occur in ice, but they are very likely
to be much less important for waves in ice than in water. The imaging mecha-
nism for SAR-observed ocean waves propagating through ice is thought to in- I
clude both tilt effects as well as bunching of scatterers within the SAR image
due to non-zero radial velocities. The tilting effect can be evaluated
directly by examining the variation in the radar cross section with incidence
angle. An effect analogous to the hydrodynamic modulation may occur due to
compression and expansion of certain kinds of ice-covered surfaces by the wave
motion, but no clear evidence of this effect has yet been produced. The
velocity bunching mechanism should be present in ice-covered water in cases
where the vertical displacement of the water surface is propagated though the
ice. A recent study (Lyzenga, et al., 1983) has indicated that velocity I
bunching is the dominant mechanism for SAR imaging of ocean waves in sea ice.

III. SAR DISCRIMINATION OF BEAUFORT SEA ICE TYPES

Both the vertical and horizontal extent of sea ice is an important factor I
for offshore activities and ship navigation in polar regions, as well as for
climatological studies. In northern waters, new ice forms each winter reach-
ing its maximum extent in April/May and a minimum in August/September. The
ArL.tic Sea and the Canadian Archipelago are never completely free from ice. I
This ice, appropriately called multi-year (MY), is normally much thicker and
much harder than so-called first-year (FY) ice which has not survived a melt
season. Multi-year ice (along with land ice, icebergs and ice islands) is a
significant hazard to ice-strengthened ships which can, on the other hand,
operate in varying thicknesses of younger ice. The relative concentration of
FY and MY ice is also an important parameter in global climate models. Off-

shore operations in the Beaufort Sea require that these two ice types be
distinguished.

The potential of imaging radar for discriminating ice types has been
demonstrated using manual photographic interpreting techniques by several
researchers including Johnson and Farmer (1971), Ketchum (1977), and Gray,
et al. (1977). With the aid of aerial photography, most ice types can be
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identified on SAR imagery. Debate continues, however, as to the best
frequency/polarization combination to use for ice mapping (Gray, 1981). This
section will examine the effect of SAR system and imaging geometry on the
resultant imagery and its ability to discriminate the desired ice types.

The SAR data used in this analysis were obtained during the Surveillance
Satellite (SURSAT) SAR experiment conducted in the Beaufort Sea during
February and March, 1979 (Gray, et al., 1982). The SM flight patterns for
the SURSAT experiment were designed to image the landfast, transition, and
permanent pack ice zones on a single long pass. Each of these zones has
unique characteristics with regard to ice types and dynamics. Imagery from
the permanent pack ice zone was selected for detailed analysis. This area
was chosen due to the presence of both first- and multi-year ice.

A representative portion of the four-channel, simultaneously collected
SAR ice imagery of the test area is shown in Figure 5. These data were col-
lected on 16 March 1979 over incidence angles ranging from 0° to 55*. This
particular image is predominantly made up of multi-year floes, multi-year
bits, first-year smooth ice areas, numerous ridges and rubble fields created
by the grinding of ice floes. Five of the standard categories of ice types
(Dunbar, 1969) are included in this area: first-year smooth (FYS); first-year
rough (FYR); second-year (SY); multi-year smooth (HYS); and multi-year rough
(MYR). Examples of each type are labeled in Figure 5; these have been identi-
fied using low-altitude aerial photography. The resolution of the SAR image

presented in Figure 5 is approximately 3 x 3 meters.

Qualitative examination of all four channels reveals that X-band data

show a significantly higher return for multi-year ice than for first-year ice.
This is particularly true for the cross-polarized (HV) channel where melt pond
and drainage patterns created during the previous summer are visible on the
large multi-year floe. The L-band data contain information mainly on the
ridging characteristics of the ice field. These observations are consistent
with ones based on scatterometer measurements (Gray, at al., 1982; Onstott,

et al., 1982).

The radar reflectivity from a particular ice type is a function of the

surface roughness (including its orientation relative to the radar wave) and
electrical properties (dielectric constant). The size or scale of the surface
roughness determines which radar wavelengths will be most sensitive to that
particular ice type. Some combination of surface and volume scattering is
probably responsible for the signatures from various ice types in Figure 5
(Onstott, et al., 1979). The dielectric constant of sea ice is a strong func-
tion of it's brine content. Thus, SAR ice signatures for individual ice types
are strongly dependent on season. In spring and summer, contrasting signa-
tures are often masked by excessive free-water content within or on the ice.

The viewing geometry for the SAR data collection also affects the amount
mf contrast between signatures from various ice types. Presented in Figure 6
is four-channel imagery from a flight on l8 March 1979 collected over nearly
the same area as the data in Figure 5. The only difference between the
flights was that these data were collected over incidence angles ranging from
690 to 830. At these angles, it appears that none of the four channels dif-
ferentiates ice types based solely on mean reflectivity.

IV. SAR DETECTION OF ICEBERGS

The ability to detect and track icebergs with SAR would provide synoptic-
scale, near real-time information for safe navigation in higher latitudes.
Additionally, this information could be used by offshore drilling rigs to
Srevent possible damage. Presented in Figure 7 is four-channel imagery col-
ected on 13 March 1977 in the Labrador Sea near Hopedale. The imagery shows
large iceberg surrounded by pack ice through whic waves are propagating.

Coincident aerial photography of this area is shown in Figure 8. Past studies

531I
I



I
I
I

have shown that the most important radar variable for detectability of ice-
bergs is incidence angle (Gray, et al., 1979). The iceberg in Figure 7 was
imaged at an incidence angle of approximately 500. On each of the four chan-
nels in Figure 7, the iceberg is clearly visible. I

To quantify the detectability of the iceberg, the data shown in Figure 7
was optically-processed and digitally-recorded. These digital data were used
to calculate an iceberg-to-clutter ratio for each of the four channels. These
ratios can then be used to calculate the probability of detecting the iceberg
assuming a false alarm rate. The results of these measurements are summarized
in Table I. The cross-polarized X-band channel provides the greatest separa-
tion between the Iceberg and the surrounding clutter. Perspective plots of
the digital data for each channel were produced and are presented in Figure 9. I
These plots confirm the measurements presented in Table 1, that is, the X-band
data provides the highest probability of detecting the iceberg, particularly
the cross-polarization channel. V. CONCLUSIONS

Synthetic aperture radar can be used to detect and quantify ocean surface
gravity waves as they propagate into and through sea ice. These waves are
believed to be imaged due to a velocity bunching mechanism, and are visible I
on both X- and L-band imagery, for both like- and cross-polarizations. The
wavelength attenuation characteristics of these waves appear consistent with
past surface measurements. Directional changes in the waves observed by the
SAR are not clearly understood at this time, but highlight the advantage of
using a synoptic imager.

Synthetic aperture radar has also demonstrated the ability to detect
various ice types and icebergs. This ability is highly dependent on the SAR
system characteristics (i.e., radar wavelength and polarization), and the I
imaging geometry (incidence angle). Past studies have shown that higher radar
frequencies provide greater discriminltability between first- and multi-year
ice. Tradeoffs in hardware complexity and atmosphere attenuation make X-band
the optimal operating frequency for ice reconnaissance at the present time.
It has also been noted that the cross-polarized channel (HV) provides greater
contrast between ice types than the like-polarized (HH) channel. Addition-
ally, radar imagery collected at small incidence angles has more contrast than
that collected at large incidence angles. The exception to this is Icebergs
which are best imaged at grazing angles (large incidence angle) where back- I
ground clutter Is minimized.
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TABLE 1 I
PROBABILITY OF ICEBERG DETECTION

RATIO PROBABILITY OF DETECTION"
BAND-POUAIZATION (1B) (Z)

X-HH 1.3.8 88

X-HV 20.4i 99

L-NH 13.0

L-..t 10.2 60

*CLUTSE IS WEINED AS THE gagE ICE ADJOINING THEI
ICEBER6 LOCATION.

-A FALSE ALARN RATE OF 103 WAS ASUID.3
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I Figure 1. Four-channel SAR Imagery of Ocean Waves Propagating Through

Pack Ice in the Labrador Sea.
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Figure 2. X-band Like-Polarized (HH) SAR Imagery of Ocean Waves in
Open Water.
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Figure 5. Four-Channel SAR Imagery of Ice in the Beaufort Sea Collected
at Relatively Small Incidence Angles.
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Figure 6. Four-Channel SAR Imagery of Ice in the Beaufort Sea Collected
at Relatively Large Incidence Angles.
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Figure 7. Four-Channel SAR Imagery of an Iceberg
in the Labrador Sea.I
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Figure 8. Coincident Aerial Photograph of Iceberg
Shown Imaged in Figure 7.
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ABSTRACT Analysis of both the real-time imaeriy a-1
During the 1989 Coordinated Eastern Arctic the optically processed digital data enabled

Experiment (CEAREX) a total of sixteen synthetic extraction of marginal ice zone geophysical

aperture radar (SAR) data collections were flown, information. This paptr will discuss the

Each mission covered approximately a 100 x 200 km geophysical parameters derived solely from the
area surrounding the ice strengthened vessel N/S SAR. These parameters include: ice edge, sea ice
POLARBJORN. SAR viewing geometries, frequencies, type, concentration, kinematics , and floe size
and polarizations varied based on the objectives distribution. In addition to the introduction
of each individual mission. this paper contains a data set description,

results of tihe preliminary analysis and
On-board processors enabled personnel conclusions drawn from these results.

stationed at Svalbard and Andoya for flight
coordination to review the real-time data. 2. DATA SETS
Observations and interpretations including 4re
edge. type, concentration and floe size made from In February, in support of SIZEX Phase 1,
this imagery were used to plan successive SAR the CCRS CV-580 X- and C-band SAR system was
missions and were transmitted to POLARBJORN utilized to collect data in the Barents Sea from

enabling scientists on-board to select areas of 740 N to 780 N and 160 c to 250 E. The first four

special interest for intensive study and sea of these five ERS-1 sim.ilatlon missions took place
truthing. every third day beginnilg on the 17th. On the

27th. a fifth mission was flown which imaged a
large eddy seen in tns real-time imagery from the

1. INTRODUCTION previous day.

CEAREX was a year long scientific effort ERS-1 is a free flying SAR satellite to be

involving the ice strengthened POLARBJORN. launched by the Europeo.i Space Agency in late
Throughout the experiment, oceanographic. 1990. The three day interval between missions,
meteorologic and acoustic properties of ice and choice of frequency, C-uand (5.3 Gliz),
open water in the Central Arctic were studied to polarization, (Vv), and incidence angle, 200 were

determine the effect this region has on the selected to simulate anticipated ERS-1 parameters.
marginal ice zone. In March, eight missions were flown using

As part of CEAREX, three SAR data the ERIM/NADC P-3 X-. C- and L-band SAR system.

collections were carried out. In February, the Beginning on 17 March. ERS-1 simulation missions

Canada Centre for Remote Sensing (CCRS) X- and C- were flown every third day and covered an area

band SAR system was utilized to collect data that from 760 N to 790 N and 79 W to 10 E. In

was simultaneously being sea truthed by addition, 4 other datA sets were collected. lhese

researchers on-board POLARBJORN. These flights included a reconnaissance mission in support of

took place in the Barents Sea in support of the the acoustic and oceano•graphy camps. A dedicated

Seasonal Ice Zone Experiment (SIZEX) Phase I. polarimetric flight in which data were collected
at all three frequenci,!s in high resolution mode,

During the March deployment of POLARBJORN six waves-in-ice passes over areas identified by

the ERIM/NADC P-3 X-, C-, and L-band SAR system scientists on-board POIARBJORN, and a frequency

was utilized in support of SIZEX Phase 1I. This comparison mission.

aircraft was also used in April to collect three

data sets over the ice based acoustic and The April SAR data collections consisted of

oceanography camps. in addition, areas three missions flown ii support of the ice based

surrounding POLARBJORN were imaged while in acoustic and oceanog-a.ihy camps. These missions

transit in support of the eddy/biological cruise. occurred on the 14th, 15th, and 16th.I
I
I
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TABLE 1. 3

SAR Flights in Support of SIZEX/CEAREX
Dal1 SAR Svstem BLan am M" Loý- Q . , 1oO".-rn I

17 February CCnS CV-58o C. X I flndir (rull) B.limlls Sea EFIS-1 Srrrllll,1lOi VV
2-4 Wide Swath

20 February CCRS CV-580 C. X I Naidir (Sull) h lnivilm V. I Ii

23 February CCRS CV-580 C. X 1-4 Wide Swath Oapiits S•.a L IV• I Simulation VV

26 February CCRS CV-580 C, X 1-4 Wide Swath Blarents Spa E**S.I Smlnulthr.ot VV

27 February CCRS CV-580 C. X 1-2 Wide Swath Flrirpts S,'i F-l'ýt Si.iruhhl-it V I
17 March ERIMKNADC P-3 C. X 1-7 Double Swath Greenland Sea ErIS-I Snmulalion VV

X 8 Narrow Swath EOS S•mrnulation Fuil
18 March ERIM/NADC P-3 C. L 1-4 Double Swath Central Arctic 0" C.nnr-p I Ochlions VV

C, L 5-7 -A' C.rIp Lnctlhars 'vV
20 March ERIMNADC P-3 C. X. L 1-8 Double Swath Greenland Sea FltS-1 Simnut.tion VV

X 9 ?Jarrow Swath EQS Simulalorl Full
21 March ERIM/NADC P-3 C. X. L 1-12 Narrow Swath Greenland Sea Polaimnnirc Flights Full

X 13 Double Swath Futi
23 March ERIM/NADC P-3 C. X. L 1.7 Double Swath Grennland Sea ERS-t1 Srrulilton VV I

C 8 Narrow Swath EOS S•mnulation F-jIl
24 March ERIM/NADC P-3 C. X. L 1-7 Double Swath Greenland Sea Polaraiznton Coiip•irson tIll

L 8 Narrow Swath F 1 .irniulaltion Frll
26 March ERIM/NADC P-3 C. X. 1-8 Double Swath Greenland Sea ERS-I Simulation VV-H1II1

C 9 Narrow Swath EQ1; Simulation rull
27 March ERIMvNADC P-3 C. X. L 1-8 Double Swath Greenland Sea ERS-I Simulation VV

X. L 9-14 Narrow Swath W.-ive-. in lr1e1II
14 April ERIM/NADC 0-3 C, X. L 1-6 Double Swath Central Arcticl 'A' and " Camp anid VV

Greenland Spa Acoustic Tornoar,•vhv Sup•ort
15 April ERIMINACD P-3 C. X. L 1-6 Double Swath Central Arctic 'A' and "0" Canip and VV I

Greenland Sea Acoustic Tuoinraphy Support
16 April ERIMINADC P-3 C, X. L 1-8 Double Swath Central ArctlJ 'A" and "O Camp rid VV

Greenland Sea Acour-.t Tomiin.gral)hvyir.roli

Interpretations of the real-time data collected image represent multiyrar ice, while darker tones
while in transit to the camp areas of interest are various stages of young ice. The blackest
were transmitted to POLARBJORN to assist signatures on tite image are open water.
scientists on-board in selecting optimum areas for
in situ ocean eddy measurements. Details of all In addition to these preliminary real-time I

.AIX-SAR flights are outlined in Table 1. interpretations, later analysis resulted in
additional geophysical extractions. Figure 3

In addition to the real-time paper product, shows an example of ice kinematics extracted from
the SAR data was recorded on-board the aircraft on the first four ERS-1 simulation flights. lhe ice
high density digital tapes. Analysis of the real- kinematics were generated manually using the real-
time imagery and the optically processed digital time imagery. Positions of specific recognizable
data enabled extraction of marginal ice zone floes were calculated. These same floes were
geophysical information, identified again on tite real-time imagery

collected three days later. This method shows I
3. RESULTS only tite change in geolocation. It does not

indicate the actual track the floe followed.
To date, no digital processing has been done

with the CCRS CV-580 SAR data collected during All ERS-1 simulation data collected in flarch
SIZEX Phase I. However, mosaics assembled from by the ERIM/NADC P-3 X-. C- and L-band SAR have
the real-time imagery have been used to extract a been processed on the ERIN digital-hybrid-optical
variety of geophysical parameters. processor to generate images. Figure 4 is a C-

band (VV) mosaic collected an 26 March, Figure 5
Figure 1 is a photographic copy of the real- is an Interpretation of this data showing ice I

time imagery collected on 20 February. An edge, type and concentration. This interpretation
interpretation of the data generated in near real- was generated using the method described above.
time is shown in Figure 2.. This interpretation
was transmitted to POLARBJORN to assist scientists The April SAR data collection consisted of
on-board in conducting an efficient experiment, three missions flown in support of the ice based

acoustic and oceanography camps. Flight lines
Optical SAR mosaics are interpreted based on were planned so that mosaic coverage included both

the tonal signatures of the SAR with visual and in camps and will enable further analysis into both
situ observations as inputs. Bright tones on the- short term (i.e. 6 hr) and long term (i.e. 24 and

I
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4. CONCLUSIOtNS

48 hr.) ice kinematics and morphology. This work Results of analysis based on the SAR real-
will be performed in conjunction with measurements time paper product and the optically processed
made by scientists located at the camp throughout digital data indicate the following:
the SAR data collection.

1. SAR imagery permits differentiation betw;eeti
-- first year ice, multi-year ice. and many

staqes of young ice;
2. SAR imagery cal be used to detrct surface

expression of eddies both in the open ocean
and within the ice pack;

3. SAR imagery permits the tracking of ocean
waves both outside and propagating
approximately 100 ým into the ice pack;

4. SAR imagery mapped an ocean polar front in the
Greenland Sea.

The results of this analysis and others like
it can provide valuable insight into the utility

I of ERS-1 and other planned free-flying SAR's.
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S~ABSTRACT

During the Winter 1987 t.Marginal Ice Zone Later analysis of this digital data enabled
Experiment (MIZEX) synthetic aperture radar (SAI) extraction of MIZ geolh)iysical Inrotmatlon. lhe' 1hZ
data was collected on a dally basis. Each ilIssion Ureophysical ii,"I,/atilol extiacted s(clely firin the

covered approximately a 200 x 200 kil area SAR litcludes; Ice edge, ice type, gravity wave
surrounding the ice-strengthened vessel POLAR propagatlo.i InLo the pack, Ice kinematics, Ice
CIRCLE. The SAR data were processed in real-time concentratlon|, Idetitfication of leads, and some

Son-board the aircraft and down-linked to POLAR information oil floe size distribution.
CIRCLE. Interpretation of the real-time imagery
enabled scientists on-board POLAR CIRCLE to locate Inl this palter we first sulnullarIze tile IIJZX '87
areas of special geoplhysical Interest In order to SAR data set. Ice edge, Ice t~l•p, co|iceltratilot,I facilitate ground truth. The SAR data vrere shown kin' Jtics and floe size distrihutlots are
to be useful In detecting the Ice edga, eddies pres.,;Led as examples.
within the ice, floe size distributions, ice types,
ice concentration, and kinematics.

2. SAil IAIA SEil
I Keywords: SAR, MIZEX, Ocean Wave, Ice

Concentration, Ice Edge Durlng HIZEX 'AV, two hNter.' SAiI eq'uipped
alrcrafts: SIAR-I and SIAR-? were deployed to
collect Ice edge imagery. ihrutighout the
experiment, real-time data were reviewed by
scientists at Svalbard and oii-boold the iIV PULAR
CIRCLE. Observations made from this Imagery
enabled them to select areas of special Interest

1. IIITRODUCTIOII for intensive study and sea trutling. and to plan
successive SAR mlssions. A total of 24 mIS$1o||S

HIZEX '87 in the Greenland and Barents Seas were flown. Table I is a sum'ary of these mlsslolls

combined observation systems from both remote (Ref. 1).

I sensing and in situ data collection to provide an
integrated aprro-ach to the study of winter marginal
ice zone (MIZ) conditions. Favorable weather ol,,ct-, ... th..r th.,.. -,ll &W.l 14..9 tiu.1.

permitted 18 consecutive days of SAII coverage and
field operations. The SAR system, with Its high
resolution (15 x 15 m), clarity of image and real- 3S1111 lint 1.,

time availability, proved to be a powerful and jO. e!5!uu LU•.AII_ WI _...At"_l_ !,Ht Itt.Hhtt._l

efficient tool to aid in the planning and carrying $ s,',, ".. 11 st, Mo, -.

* 5139l I Clft..laemd S.. 5 9l I M M1 51 .1,11
ut of field experiments. ) I339 I ,...V..n .. Sa .l . .11:11

S SIAN.I s, ee-1, M. Sea Illso) Il-tI I.@l S

4HIZEX was the first Interniational experiment 6 S.I I G,..f-la..d Sqa 1119 1 . ll9,t .
I $= "1 - .. nh.*,4 See 11104 ,&:17 11.1,

having dally SAR coverage with real-time Imagery I $ r ,..1 1 te1191 ofII 1144 |g*• o
down-linked to the ships in toe field, Tills 9 SIA 1 Gpetla*,l Ste Wet Is! ,fl 0l13 ,

10 SIAN L.,'I $o4 1M 91-19 9 11 TO 9
Imagery was used on-board POLAR CIRCLE to Identify ,I $101 1 S-4 41,191 it. 11 1

areas of Interest such as tile location of the Ice it $ia9 C..ul-I see 911,9 "'.It 'I • l• I

edge, eddies and ocean fronts. The ship would then 1 SIAN I ..olwl Ste 0SS, 1.,1 it-" 5

proceed to the SAR Identifled areas to collect sea IS ,An*, 1,..-1.- s.ae 1961 'I:W I|'"

S truth. The data was also used to select sites for If IN Z,...l'", S-4, 91101 fit* " l2 ItI? $lq 519 es. lt* l 5..i. 9113 O III | Il 319 9

detailed active and passive microwave measurements 39 Slow Z %-...." M 5., . 19 •.11 if-it 1
$ 1 *1 1 IS.,lI %.e a " 'l. It it 1I61 9

and characterization of physical and electrical to S I ,,., a.. I AI, If&" 9-10 11)1

properties of tile ice and snow. In addition to S| I V2.r'IV is,. ' V1 9,it I it S
p 7, .1'1. , ( e ,.I , 1• I71el1 II', I51 1?

beinq down-I Inked, tile SAR data was recorded Oil- m , " I 1 V.I 331,1 V. ?, 1 S

board tile aircraft oil high density digital tapes. mP S II S',..... 5.. 14111 91-,. It"14 1



I lit I iitera SIAII- I ksiid S IA11-2 ;YSI loins 1r-e X -hanid 3. HItiL IIIIAIY ArIALyM 5(9.8 Gliz) radars that transi~lt anid receive with
horizontal polarization. labi e 2 Sumimiarizes the In'l- I iinliiay iianay15S of thle SAI( dala Iindicate's
parameters of both systems while Figure 1 lIidicates tile fohiuwing~:
the imaging geometries. Figure 2 Is aI
representative mosaic coverlog a 445 x 19J5 kill area 1. SA hiiiticy licimiits 1.1if (ei c~ithat oio betviciil
of the MIZ. On thle X-baiid SAiN data, bright tonies f irst-year Ice, iult tyear Ice, miid maiiy stayes
on the image represent miultiyear Ice while the or yotuiiy ice;
darker tones are various stages on younig Ice. ltheI
blackest signatures on tile image are open water. 2. SAil in'auny call lit! usi'd to detect sirfaceThe SAR ,mosaic was Interpreted using a hybrid explessionis of eddies both in Lihe opeii oceani and
manually assisted digital technique to provide tile' withlli the Ice pack:
interpretation key showni in Figure 3. Note that
the ice type and concentration linformation Is 3. SAil Iimagery permits the tracking or ocean wave~sIobtainable fromi this data based on tonal both outside aiid propagating approximately 1100

signaures.kml Into the Ice pack;
sig n atures.4. SA RI iiii-i(jeiy) siiow z iiitcria i w ave features benieathi

TAKEL 2. SIAR SPECIFICAiiO1iS AS USED III MI1EA the Ice pack: aiid,

5. SAIl Imminiey mnapped an oceani poi ar ficiout lii tiePRgItER 1V SiAQ57 SIAt. I Dai cnts' Sea.
0firr..itn 7 Altitude 21.000 ft.I
WAve length X-band Each or these polints ar-e discussed elsewhere titPolarization liot these piutceediiys, (iefes. 2-4).
Viii-iug Direction Left or Right
Processiny Real time F htiure 4 Is ant exampl e of tin ant iys is i1,r foi wedI

us i ug sciltietit i a SAR Ituatlevy of tile saiive fillRecording 8 bit nat~,t full A filt d.11.1e 11 r-eg I oils . MusIonCII)1 fl h owiio 3 April at 17114- jVIJiJbandmidtii dasi~ 11 A I?" or 74 74.
rinCordlig on jif.ris on sirrlaiI inifid missloio 12 flowni on'i 4 AiprilI at 1751-2143 U1
parallfel IIlUtR IIUUif are compared. Absol ute posit ioii~iiig of the itatlesS-Mh ~Idthi was accoumpli shed through a knowii reference miarker,

1iarro. (IIn.ResJ 11 km 23 IN In this spedific case tife POLAR CIRCLE which wasWide (Lo-Res) 6) Its 45 km also located wi thui Lthe antalys Is region. Ice
Pisci site A I0,,q track/ Alotq truckl k inemat ics (trajectory) d aguaitis were later

cross track cross track obtained by caicuilat ing Ltue t iiie-menC~ d spilacenlentI
NI1-At$ 

4 s A 4 nhut use of specific Ice floes over the successive SARImiages ifs hu unique pattern aiid/or signature
Lo-Res 5.2 a 16. 12 x 12m or 24 n 24m recogiri ion (Hlef. 5).

Ao~linkt 4 is4bt Ice k~inieat ics (solid vectors) sho~w a sofitii-wi'st
Azimut Look 7 1iovemen~t of approximately .5 kin/hr within tile pack

Lo-Res 16 . IGOR or 12 a 1?. or ice cons isteint w it til te oceanl cirnell at iou anld
12 x 37. 24 A 24. prevailling winids. At the start at Iliiiiss io Ii.IPOULAR C IRClEI reported wi uii we, e routiuasie.1 ely I Y ititSupport Ing the I if t Ial Interpretatloni of the SARl speeds highly variable, ranylin (jinm 3 to 13 Ni/s.

signature is a variety of In situ measurements and Onf 4 April Iwind direction was mainly 11iortheastvnl-y
observations. These incluai intensive ice at 5 to 10i m/s (Ref. 6) .Isampling, drifting argos buoys, current mieter
mecasuremients, wave riders, pitch and roll buoys,and Ice flow accelerometers.1

SIAil-1 SIAiI-2

1.*. 6 ken-ji as. kQ liono 40I ~ is5£

Figure 1. VIewing Geometry for SIAII-1 and1 -7 lii Wide Sw~athi (vldeU
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GEOPHYSICS OF THE MARGINAL ICE ZONE FROM SAR

R. A. Shuchman, B. A. Burns E. Svendsen, 0. M. Johannessen

C. G. Caruthers, J. D. Lydon T. Olaussen, J. A. Johannetsen
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Ann Arbor, Michigan USA University of Bergen, Norway

ABSTRACT atmospheric processes which deteimine the
location of the ice edge, ice morpholoqy, and

During MIZEX 84 sequential synthetic aperture deformation within the MIZ, as well as the
radar (SAR) images of the Fram Strait Marginal quantification of the major energy and mmenttw'
Ice Zone (MIZ) played a key role in understanding exchanges taking place (Ref. 2).
the complex interactions of the atmosphere, ocean In this paper we present an analysis of
and sea ice. Analysis of sequential SAR images sequential high resolution aircraft SAR images
of the Frau Strait test area provided from a region in the Fram Strait north of 78"N.
quantitative data on the mesoscale ice morphology Specifically, changes in ice concentratlon, floe
which Included Ice edge positions, location of size distribution, and ice edge position, as well
ocean/ice eddies, ice concentration, floe size as eddy location and floe motion derived from
distributions, and ice kinmatics. multitemporal SAR Images are investiqated in

terms of ocean surface current, wind fields and
the bathymetry of the region.

2. DATA SET DESCRIPTI7!

Sequential SAR data flights collected Imagery
over two sub-regions of the Fram Strait. These

Key Words: SAR, sea ice, kinematics, ice sub-regions are Indicated by the outlined boxes
concentration, ocean/ice eddy on Figure 1. The SAR data centered at 78.7°N and

2.2S'N were collected on 5 and 7 July 1984 over a
major cyclonic eddy, while the box Gentered at
approximately SO.25SN and 2*E rbpres'ents an area

1. INTRODUCTION where sequential SAR images were collected on 29
June and 6 July. The local surface winds for

The Marginal Ice Zone (MIZ) is the region of the entire 29 June to 7 July observation ppriod
outermost extent of the polar ice field and is are also presented on Figure 1.
the critical region in which polar air masses, The geral surface circulation in
ice and water masses interact with the temperate the vicinity of the MIZEX-84 field program is

ocean and climate systems. The processes that shown in Figure I and is superimposed on the

take place there profoundly Influence hemispheric bathymetry. As indicated in the figure. %arm

climate and have a significant effect on Atlantic water enters the From Strait as either

petroleum/mineral exploration and production, part of the West Spitsbergen current (WSC) or is
naval operations and cmmrcial fishing. To recirculated across the From Strait as part of
gain an understanding of these processes the Return Atlantic Current (RAC). This warm

suficient to permit modeling and prediction, a Atlantic water comes Into contact and mixes at
research strategy was developed for sueeer and the NIZ (indicated by the minimum and maximum Ice

winter measurement programs (Ref. 1), and a edges) with the cold polar water of the East

series of field experiments were planned and Greenland Current (EGC) (Ref. 4).
executed (Ref. 2). One such experiment called Figures 2 and 3 present SAR mosaics and
the Marginal Ice Zone Experiment (MIZEX) was interpretation keys for the 29 June/6 July and
conducted in the Fram Strait region of the 5/7 July SAR mosaic pairs, respectively. The SAR
Greenland Sea in the summers of 1983 and 1904. imagery in Figure 2 and 3 Is L-Band (23.5 cm)
This experiment was specifically designed to horizontal parallel-polarization data which have
Investigate the air-sea-ice interaction processes a resolution of 3 x 3 meters. The data were
at the outemost extent of the par le pack collected from aircraft at a height of 6.7 Im in

with on ensmble of coincident measurements made 12 km swaths and mosaicked Into the comosite
from ships, aircraft, and satellites (Ref. 3). A figures (Ref. S). The high reflectivity of the
central problem to the MNIZX study was the ice in the NIZ relative to that of open water is

definition of those mesoscale oceanic and responsible for the excellent ice edge and floe
definition seen in this imagery. Likewise, the

I
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structure in the three eddies visible In Figure 3 of gravity wave/ice interaction ar,. Pddy-induced
is well defined due to the high reflectivity of floe collisions which break up lpg" flee. The
small. 10-500 m diameter rough. broken floes Ice in these meanders under moderate vind I
entrained in the eddy currents. In the field. conditions reflects the MIZ ocean cliculation
being able to locate eddies In real-time SAR because the Individual ice floes act as
output allowed research ships to be directed to Lagrangian drifters moving with the current.
active sites. This is particularly true In the stirmer season

The manual internrotations for each of the when the winds are normally liqht, I.e. less than i
four mosaics (see igs. 2 and 3) are based on 4 m/s, and there is no new ice forminq that would
features observ- in both the X-band (3-cm freeze floes together. It is clearly observed by
wavelength) anu L-band data. The methods used to comparing the two SAR images how the eddy at
derive thE ice concentration and floe size approximately 80'N and 3.5°E evolved durinq the
estimates have been described previously (Ref. seven day period and drew Ice out from the main i
6). ice boundary into warmer water. It is

interesting to note how permanently these eddies
are displayed in the ice configuration when the

MON wind is weak.Z During this seven day period, not onl) did the
Ice edge configuration change dramatically but so
did the ice concentration distrib,,tioc,. On 29
June the first 6 km from the edge h,%c a 101
concentration, and the remaining ice field a

GOMN EAX concentration of 80% or greater. In contrast.
77 the 6 July data show a 15 km wide diffuse ice
/' edge zone with an ice concentration of 501. large

W floes close to the ice edge. and the region of
80% concentration further frco the r'dqe caused by

albs.d- the northerly wind event of the 2-4 July.
3 WThe sequential SAR images also provide Ice

drift kinematic data. The Ice drift vectors."'9- ,shown In Figure 4i, were derived fr. the
geolocated SAR Images by identifying specific ice
floes on the two mosaics by pattern and/or
signature recognition. This method is consistent
with that applied to Seasat satellite andNaircraft data (Refs. 7-10) and has been compared
with Independent in situ measurements made during
141ZEX 83 (Ref. ). Due to different objectives

4^w 2°w 0* 2'1 °e °Ee *°E We ON during MIZEX-84, the SAR sampling interval and
LONGITUDE spatial coverage were not maximized for mesoscale

0001h in tousffindMwI0,9 r= .8,m am" Itce kinematic studies. However, 23 floes were•

*Do,.,, =11 m,.0*0,,A recognized on the 29 June and the 6 July images, U
and the Ice drift vectors (start and end

6e.E49. CCWW*Wl opositions) are presented In the figure together

Figure 1. Schematic diagram of the general surface with the drift pattern during the same period of
ocean circulation of the Fram Strait. The two Argos buoys and the Ice edge location on 29
bathymetry Is shown on the figure as Is June. I
the minimum and maximum ice edge and The most interesting information in Fig. 4 is
surface wind conditions for the SAR the very high spatial variability of the drift
observation period. The boxed areas on pattern within an approximate 50 by 50 km region.
the figure represent the locations of The kinematic data reveal three regimes of floe
detailed SAR analysis, drift during this 7 day period, where the g

outermost 20 to 30 km of the ice field moved
fairly unifom in an along-ice direction with an

3. DATA ANALYSIS average speed greater than 10 cm/s. The floes
west of 20E, at distances greater than 40 km from

Comparison of the 29 June and 6 July SAR data the edge, were more influenced by the EGC and
(Fig. 2) clearly reveals changes in the ice displayed a mean southward drift of 5 to 10 cm/'.

position between this seven day observation while the small area of very slow drift only
period. The 29 June and 6 July SAR mosaics show showed mean velocities around 2-3 cm/s.
details of the ice edge configuration. These Ice This drastically reduced Ice drift region
edge meanders as observed on the 29 June and 6 occurred at precisely the same time and location
July data result from the complex interactions that an ocean frontal meander was observed in the
along the boundary between the rapidly southward- dynmic height topography produced from
flowing East Greenland current, the warm helicopter-based CTD sections and was further
northward-flowing Atlantic water, and the highly confirmed by the trajectory of a SOFAR float g
variable winds (Figure 1). These ice edges may (Ref. 4). Furthermore, the surface drift pattern
play an important role in the generation of of University of Bergen Argos buoys deployed on
Ice/ocean eddies as they provide the initial ice floes with suspended current meters (see
perturbation In the Ehuan transport field that Figure 4), indicated that the frontal meander was
eventually results in eddies. These edge Indeed a cyclonic eddy. The buoys did not show
features as indicated In the SAR interpretation full closed-loop drift patterns because they (and
keys are composed of ice floes ranging from 10 to the ice) were forced out of the eddy by strong
500 m in size. These small floes are the result northerly winds which picked up early on 6 July.

2
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Figure 2. L-band (1.2 GI~z) mosaics collected by the ER!M/CCRS 1-C-L-band SAR system on 5 July and 7
July 1984. The large eddy is clearly visible on the bm x 3m resolution 5 July data, as are
large individual floes (labeled 'A on the interpretation) and polynyas and ice-free ocean
areas (labeled 'I'). The interprtetation also indicates areas of varying ice concentration.
the range of floe sizes, and the medtin size: 305. 1O-SO0I, 125m for 'C'; 8015. 10-50(~', 1Sre
for 'D'; and 80-9011, lOm-91km, 1km for Er respectively. Note the eddy is not visible on the 7

July, data due to high wind conditions.

I3

I9 7'

;4/ STREAMER



L. ~ S0030N+ 4IF03

: OF IC

@WV I0 W1

1:01

IV OF IM

Afl B-L F-1A D-fl E-I1M1

Figure 3. L-band (1.? 0HZ) mosaICS collected by the ERIN/CCRS X-C-L-band SAR system on 29 June and 6I

July 1964. A large eddy Is visible on the 6 July data. Large floes are labeled 'A' on the
Interpretation while polynyas (Ice free areas) are denoted W,. The Interpretation also
Indicates area s of varyi~n? Ice concentration, the range of floe Sizes, and the median size:
301, 10-500m. 125m for C*80%. 10-500m. 150. for W'; and 80-90%. l1m-gkm. Ikm for 'E'

respectively.
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Figure 4. SAR derived ice kinematics for seven day period between 29 June and 6 July. Also shown on the
figure Is the 29 June ice edge and trajectories of ARGOS buoys 3491, 5069, 5080, 5094 and
5095.

With respect to time scales, it is interesting structure of an elliptically shaped eddy with a
to compare the SAR vectors, which represent 7-day scale of approximately 30 km. Because the wind
means, with the Argos buoy drift tracks which was light (less than 3 m/s), the spatial
represent daily means (i.e. data low pass distribution of small floes relfects the upper
filtered for diurnal tidal and shorter periodic ocean circulation. The orbital motion is
effects). The variability in Ice drift velocity, cyclonic, while the spiral of ice towards the
which has been averaged out in the SAN data, is center indicated frictionally driven inward
clearly seen in the Argos data which demonstrate radial motion, with an Ice concentration of morethe effect of cyclone passings, with 2-4 day than 801 at the center (Ref. 12). This Implies

periods, on the dominant forcing mechanism on the convergence and furthermore that ageostrophic
ice. The high drift speeds observed for all effects are important and must be included in
buoys show the importance of wind drag. On 3 realistic modelling of these eddies. Note also
July for example, the 30 om/s speed of buoy 5080 on the 5 July data that a second eddy, E2, is
is associated with a 10 m/s northerly wind. A seen south of El centered at 78"5'N and 3*55"W.
rough comparison of forces indicated that winds The July 5 observed eddy was well developed on
increasing above 5 m/s became a major force 1 July as seen in the NOAA-7 AVHRR imagery on
in addition to the ocean drag. During periods of that day (Ref. 12). Strong winds picked up from
low wind speed, the buoys follow the ocean north on the 6th (see Fig. 1) and the 7 July SAN
circulation pattern, and without the buoys It image gives no clear evidence of an eddy. The
would not have been possible to conclude that the width of diffuse ice edge (Area C on
low velocity area seen in the SAR data was interpretations) also decreases from the Sth to
associated with an eddy. These observations agree the 7th due to wind advecting ice into the warmer
with conclusions from similar measurements durinq water. However, ship CTD measurements showed
NIZEX-83 (Ref. 11), that for weak on-ice winds, that the eddy was still there In the ocean (Ref.
the sources of the variation in Ice drift should 12), which means that either the rest of the Ice
be sought in variations of ocean current and in the eddy melted, and/or the ice was swept away
Internal ice stress. by the wind.

To resolve these mesoscale features with A simple model simulation of free ice drift
respect to observations of the ice kinematics due to 10 m/s wind from north, coupled with a
with typical time scales of 3-4 days, we conclude circular Gaussian shaped ocean current accurately
that SAN images are needed at least once a day, reproduces the ice edge configuration on 7 July
In order to recognize the same floes from day to without taking melt into consideration. The
day with a separation of no more than 5 km. With model assumed that a surface current pattern
respect to future spaceborne SARs (and future associated with a cyclonic eddy existed with a 30
experiments with airborne SAM), this is highly km diameter. The current profile was assumed to
possible except at the very Ice edge where the be Gaussian-shaped with essentially zero current
floes may be too mall to be recognized. at the center and edge of the pattern and a peak

SAN images of 5 and 7 July together with current of .2 m/s midway between. Ice floes with
interpretation of the images, (Fig. 3) shows that a wind drift component were randomly introduced
w well defined eddy was present on the Sth. The into this current pattern and tracked until they

July 5 SAN data clearly show detailed surface- eventually reached the outer boundary. The drift

I
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velocity of the ice floes was assumed to be 2% of
the wind speed and directed 20* to the right of
the wind direction. The simulations were run
until a definite pattern was established.

The simulation model was run for both 5 and 7 N
July and the results are presented in figures 5a
and 5b. respectively. For the 5 July simulation
a 2 m/s wind from the south was used. Since the
eddy was located along the Ice edge, floes were
only introduced into the side opposite the open
water. Because the wind drift component is Wind ct
small, the circular structure of the eddy current 2 m/s Ice Open Water
field is preserved in the distribution of ice I
floes. The density of floes (dots on Figure Sa)
corresponds to the dwell time of a floe in a
certain location. This is why there is a high
density in the center of the pattern and at the
outer edge. At these locations the surface -
currents are small so the floes do not move

significantly between time steps in the
simulation. There is a low density of floes in
the region of high surface currents due to the
large movement between time steps. The image in
Figure 5b presents the model output for the 7
July case. The winds on this day were 10 m/s
from the north. As in the 5 July case, Ice floes
were only Introduced into the current pattern on Figure Sb. Model simulation of ice floe
the side opposite of the open water. Because the distribution for 7 July. Under this
wind drift component is now significant, the high wind condition the eddy is not
circular structure of the eddy current field is readily visible.
lost. this is because the wind drift dominates
the eddy currents over a large portion of the 4. SUMMARY I
pattern.

The important lesson to be learned from the By virtue of the SAR's Imaging capabilities,
above simulations is that a given eddy surface such as all-weather imaging, high resolution, and
current pattern can manifest itself in vastly large dynamic range of backscatter from SAR ice
different ways due to the varying wind and open ocean, information on the important MU Z
conditions. Therefore, the wind conditions parameters can be derived from SAR data.

during a SAR data collection should be considered Information on ice edge position and location of
when examing the SAR imagery for evidence of an ice-edge eddies, for example, can be obtained
eddy. directly from examination of the imagery. With

machine-assisted manual image analysis, estimates
of Ice concentration, floe size distributions.
and ice field motion can also be derived.9 The SAR observations show that the MIZ ice cover
is highly variable and exhibits rapid dynamic and

N ..- thermodynamic responses. At the ice edge, during

mirrors the ocean circulation. Radar derived ice
,/ikcinematics also provide information on ocean

eddies beneath the ice in the interior of the
MIZ. This Information would be greatly improved

Ice Open Mater by more frqetIaigof the MI1Z which would
separate the advective from the temporal changes.
These Imaging radar aircraft observations show
that forthcoming polar orbiting satellites with
SAR. such as the European Research Satellite-I
(ERS-1), can provide high resolution (30 a)
information on ice edge position, ice morphology
and ice kinematics which will allow us to achieve

Snew understanding of the complex Interactions in
the PIZ.
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ABSTRIACT

A frquetlyobsrvedpirnoirenn insynhetc uils paper presenits lisitial results Ire'. theA frquetly bsevedphenmenn I synhetc Il~arqlnal Ice Zone Experiment 1907 (IIIZEX '01).
aperture radar (SAR) Imagery or the Marginal Ice Althrougjh preliminary, these results are promin'irjU Zone (5hIZ) are ocean gravity waves enateringj tire avid clearly iNdIcate lthe steed for further study.
pack ice. These observations are useful for Recornuienidatloiis for these additional analyses are
several purposes. They provide Informnation on tire also presented below.
wave activity in the I4IZ. The presence or absence
of waves may also indicate differences in surface 2. DIJAA SETI ice conditions. Measurement of wavelenigths and
directions from tire SAR dat# may also Indicate The data we have studied to date were collected
refraction due to a surface current field such as by tire SEAR-? X-band (3.2 cm wavelenigth) SARl system
that associated with mesoscale oceanic eddies. onl 2 April 1987 duriNg tire 141ZEX 187. lite SIAHl-2I These waves also provide a unique test of SAII ocean systent collects data over a 63 ka; whid sotath, fromt a
wave Imaging theories. nominal altitude of 29,000 ft (0.0 kin). Ilise

resolution of this system Is approximately 5.6 ain I
Keywords: Synthetic Aperture Radar, Marginal Ice azimuth and 15 mn in ranige. Iihe system Is flows' I"
Zone, Ocean Wave Imaging, Velocity Bunrchning a Cessna Conqutest turboprop air-cralt which ha~s ani

tyrpeclmsio ~ssed of abu25 ios flightl paltter Aic
tyiairspe o cnssed of abot20kos fighrtn paii ertX vii

provdeda 30 ki by10kinmosi reie ir~i
souti. ite osac lo- 2Alirri Is presetited It,

Fhjure- 1. oltile 2 Ap i fighrt, alr east-west IS
was flown which inltersected the mosaic. lris Pass
imaged primarily rasiqe-travelinig waves lin thle Ice

1. 1111 ROUUC TII Oiiiihle onie of Ltie irortir-south mosaic p)asses 10Iwaed
thle same waves travel ltg primarily lit tile at imutirOcaIae rpgtn notr I aed~c~li.Iis asspoieaut~iedi e

commnonly been observed In SAR Imagery. lThese withs which to study Ltie imaging questions describedI observations are usetul for several purposes. They above. lite north-south line contains waves In tile
provide Information on tire wave activity In tile HIZ Ice over a distanice of 200 kmn. Thiese data allow us
which may affect acoustic noise levels. Tire to Investigate tire spiatial variability of tile
presence or absence of waves In the SAR data may waves. It should be noted that waves were lrotI also indicate differences In the surface Ice observed In Ltie opeo water.. 1Till Is probably due
conditions. Measurement of wavelengths and to Ltie system gain being set too low to observe

directions from the SAR data may also Indicate these features.
refraction due to a surface current field such asAseisosufcmaurenswepromd

3 htsascae ihmeocl cai dis during the SANI data collection which will aid our

lite observation of waves In the pack Ice also aals.Wvemsumetwrepfoedy
provides a unique test of SAR ocean wave imaging pitch-and-roll avid waverider buoys both 1In (slien

* theories. Recall that open water ocean waves are water avid at various distanices into thle Pac0.
US toght to be Imaged due to some combination of These provide measurements of tile wave aruqlitudes.
tiolt modulation htydrodynramic modulation, anid -Irerinnecitces, arid direction's whichr we 111att t" u:r, Its

velciy unhig (Ref. 1). Once In tire pack Ice, our $Ail simnnllatillosrumdels lor cnrrqtiarsisom wihlitieI there is no hsydrodynamic modulation contribution,. culSi aa iewv esneret
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Ice-Edge Eddies in the Fram Strait Marginal Ice Zone

0. M. JOHANNESSEN, J. A. JOHANNESSEN, E. SVENDSEN,
RK A. SHUCHMAN, W. J. CAMPBELL, E. JOSBERGER

Five prominent ice-edge eddie in Framn Strait on the scale of 30 to 40 kilometers were
observed over deep water within 776N to 79ON and SOW to 30E. Thle use of remote

sning, a satellite-tracked buoy, and in situ oceanographic measrmements showed the
presence of eddies with orbital speeds of 30 to 40 centimeters per second and lifetimes
of at lows 20 days. Ice ablation measurements made within one of these ice-oceanI
eddies indicated that melting, which proceeded at rates of 20 to 40 centimeters per day,
is an important process in determnitng the ice-edge position. These studies give new
insight on the formation, propagation, and dissipmtion of ice-edge eddiesONE OBJECTIVE OF THE MARGINAL lite-tracked buoys that were suspended with

Ice Zone Experiment (MIZEX-84) current meter.
program is to better understand Remote-senising observations were used

the physics of mesoscale eddies along an ice in a near real-time mode for locating eddiesI
edge and the role that eddies play in the and for guiding the research vessels into the
processes of mass and heat exchange and in eddy region. For eamirple, the high-resolu-
controlling the position of the ice edge. nion synthetic aperture radar (SAR) mosaicI
Previous studies in the Fram Strait marginal on 5 July (Fig. 1) dlearly shows detailed
ice zone (MIZ) have established the exis- surface structure of an elliptically shaped
tence of mesoscale eddies at the ice edge eddy El on the scale of -30 kmn. Since the
with scales that range firom 5 to 15 kmn north wind was lihot, the floe-size distribution ofI
of Svalbard (1) to50 to60 km inthe 50 to 500 Inreflected the upper ocean
western parts of the Framn Strait (2). Baro- circulation. The orbital motion was cyclon-
tropic and baroclinic instability mechanisms k, while the spiral motion of ice toward the
have been suggested as eddy-generating center indicated frictionally driven inwardI
mechanisms. Since the topography of the radial motion. The ice concentration was
central part of the Fram Strait is complex more than 80% at the center of the eddy (see
(with depressions of 4000 to 5500 In and Fig. 1, Aand B). This implied that there wasI
seamounts up to 1400 In below the surfaice), convergence, and that ageostrophic effect
topographic generation and trapping of ed- are important and must beincluded in real-
dies have also been suggested (3). A two- istic models of these eddies. A second eddy
dimensi onal model (4) proposed an eddy _ _ _ _ _ _ _ _ _

generation mechanism that included diffr-
ential wind-induced ice and ocean circula- 0. M. Jobwmaiun Geopiwaia butina.md WNUUMe
tion. This report describes a dedicae eddy lm N-W.'" ~ Ul~ti
investigation during the sumnmer of 1984 M la= w .Se. NO mm=
between 77 '"9*N along the ice edge Rcn Seiaw" C'nr U"'c Of Dergen. Balme
of Fram Strait. The study used remote sens- Rt. A. khudwmi Emnvwmienmi Reacad Inmiar of
ing; conductivity, temperature, and depth W!W wi~dbt E. 4817 sbep U.S. i sur Ij
(CM) observations; and ice-drifting satel- vey, univawray of Pupt ot TaoumaW 95416.u
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A Fig. 1. (A) L-band 1.2 GHz) mosaic collcctcd on
4 ~5 ]uly' 1984 with the X-C-L-band SAR systcm of
.1 • .the En vironmenrtal Research Institute of Michi-

garvCanadian Center of Remote Sensing In the
4*W M radar image bright zones represent ice and the

Sdark zones are ice-free water. The large edds El is
M clearly visible in the data at a resolution of 3 m b%

j ,-:~. 3 m. (B* The interpretation of the SAR mosaic
reveals that large individual floes ai. polynvas
and ice-free ocean areas (b), 30% ice concentra-

V tion areas with 10- to 500-rn floes cj. 80% ice

SEl *concentration areas with 10-m to 1.5-km floes
(d). and 80% ice concentration areas "ith 10- to

r1• 6-kmn floes We) are clearly delineated in the image.
The median floe size for the areas marked c. d. and

of Ie is 125, 150, and 1000 m. respectively. The dots
in (c) indicate increased local ice concentrauionSdue to surface currents. Fig. 2. NO.AA-7

-AVHRR image obtained on 4 July 1984. The left
aeimage is from the visible band. and the nght

-x P r image is simultaneously obtained from the infra-
red (IRI band. The resolution of both images is 1I ~km. Fiv'e eddies (numbered I through 5) arc

, clearly obserned i the IR image and three eddies
"S licks can be distinguished in the visible band. In the IR

Simage-ow is the warmest temperature 4'Ci.
while , light blue, and black (0'C) represent
decreasing temperatures. [Image processed by K.

% Slicks Kloster. Christian MicheLsens Institute, Bergen.
INorway.

Ice edge E2 was seen south of EI and was centered at
78*05'N and 3°55'W. Slicks and bands of

Band of Ice ice were also identified that indicated inter-

licks nal wave activity. The area marked "Band of
. t'dead' water" off the ice edge was a distinct

S78°Nt 17VN meltwater zone.
S10 km 4rwa The abundance of eddies in this regionSlant rang.

(five overaUl) is shown in an image obtained
ab C d with an advanced very high resolution radi-

ometer (AVHRR) aboard the NationalFEL J D E , Oceanic and Atmospheric Administration
satellite NOAA-7 on 4 July (Fig. 2). Eddies
El through E4 strongly interacted with the
ice edge. Analvses of earlier AVHRR im-
ages showed that on 26 June El started to

fbfrm at approximately 79*1 'N and 1*30'W
and was fully developed by 29 June at 79*N,
and 2°15'W. This suggested an upper layer
"spin-up time of the order of 3 days, during
which time the mean southward advection
of the eddy, deduced from these images, was
"approximately 10 kmi/day. From 30 June to
"1 July El moved slowly eastward. The spin-
up of E2, which was then 50 km southwest
of El, occurred during 1 to 4 July.

After 4 July, cloudiness precluded the

continued use of the NOAA satellite for
monitoring the eddies. However, aicrft
miucrowave observations continued to pro-
vide high-resolution monitoring of the ed-
dies and demonstrated that radar observa-
tisam were indispensable for the experiment.
Sequential radar images through 16 July
Showed that El was nearly statmoary. A
northerly wind (2 days' duration, 15 m/sec)
erased the clear ice convergence signature
within the eddy but did not completely erase
the boundary signature, and demonstrated
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Fig. 3. Vertical density and were observed in an area of 3 x
structure in the cast-west di- 0 . km' They transferred hear from the warm
rection perpendicular to theAtlantic water to th ice and thus
ice edge across eddv E I near ,- - F',,Alni .aert h c n h s g~

the center of the eddy. me is enhanced the rates of ice melting. Eddiln
units on the isop'cnias arem -t the MIZ may play a more important ro min

in aop. transfer processes than eddies do in

5" - - temperate oceans. Both short- and Ic
forecasting models for range the ice
position must include the effects of the

- eddies. Because of the close spacing of ue
eddies, our observations suggest that re-
tic MIZ models must include eddv-el.

U.' interactions.

a I 40 Ice REFERENCES AND NOTES

tNha iM rada (r ca) 1. o. M. Johannessen. 1. A Johannsen. J. Monson.B. Farreli', E. S,.endscnj. l~phw PC as. I

that imaging radar can observe ice-ocean in 4 to 7 days. Hence at an eddy spacing of 2. P. waahams and V. Squire sad. p 270. I
eddies even under high wind conditions. 50 krn (Fig. 2), these eddies alone could 3. D. C. Smith. 1. Monson. I A. Joinnesn .ý

Untetriemer, sWd. 89, 8205 11984).
The ice convergence structure at the center cause the ice edge to melt at a rate of 1 to 2 4. S. Haklun, thesis. Florida State UCniersat". Th-
reappeared when the wind decreased. The km/day on average. Such intense melting s. s u (1984) .

,R. A. Shuchmanrat.,Samw 236,.427; 19811
remote-sensing data showed that El had a was also observed from 1 to 6 June in the 6. This research was supported by the Universi "

lifetime of at least 20 davs. vicinity of the eddv E4 (5). The warming Begn_ the Roa Norwegian Council for Scienrih" and Industrial Research. the Norwegan Research
Extensive star pattern ClD sections of El and thinning of the ice augmented by the Council for Science and Humianmes. te'.S.C

obtained by the research vessels RV. HAke, eddies also made the ice more susceptible to ofNaval Research (Arctic Programs, ma•d the
Mosby and R.V. Kvasbom during the period fracturing by waves and floe collisions. Geolol s. .
10 to 14 July coupled with the remote- All of the eddies observed were cvclomc 19 May 1986; accepted 14 lanuar' 1987

sensing observations during the same period
ture of the eddy. A section perpendicular to

the ice edge (Fig. 3) near the center of El
showed the doming and surfacing of the Remote Sensing of the Fram Strait Marginal Ice ZorE
isopycnals, and indicated yckonic motiom 1
down to 500 m and confirmed the rotation
that was seen in the radar image. A CTD R. A. SHUCHmAN, B. A. Bumrs, 0. M. JOHANNESSEN,

section in the north to south direction was E. G. JOSBERGER, W. J. CAMPBELL, T. 0. MALEY, N. LANNELONGUI
obtained by R.V. Pdaamnm on 16 July andn
extended approximately 2500 m through to Sequential remote ensing images of the Fram Strait marginal ice zone played a key
the bottom of El. This section showed that role in lucidating the complex interactions of the atmosphere, ocean, and sea 4
El was actually present at depths of 800 to Analysis of a subset of these images covering a 1-week period provided quantitatil
1000 m. Measurements of current velocity data on the mesoscale ice morphology, including ice edge positions, ice concentrations,
within El (obtained by a satellite-tracked floe size distribution, and ice kinematics. The analysis showed that, under light
Argos buoy equipped with current meters) noderat wind conditions, the morphology of the marginal ice zone reflects
measured cyclonic orbital speeds of 30 to 40 underlying ocean circulation. High-resolution radar observations showed the loEAtic
cm/sec. The subsurface structures of E4 and and sit of ocean eddies near the ice edge. Ice kinebmtks from sequertial radar images
ES were also confirmed by CT'D observa- revealed an ocean eddy beneath the interior pack ice that was verified by in
bons. os raphi measurcmets.

We could estimate the thermodynamic
importance of eddies in determining the ice- A CENRAL PROBLEM IN STUDIES OF resolution aircraft synthetic aperture radar
edge position from the AVHRR image 4 the Fram Strait marginal ice zone (SAR) images from a region in the FraU
(Fig. 2). The cyclonic motion of each eddy tkc(MIZ) is the definition of those Strait north of 79-N.
not only swept ice away from the main ice m oceanic and atmospheric process- Figure 1 shows an SAl image
pack but also transported warm Atlantic es that determine the location of the ice on 6 July 1984. This image, collected dr
water (30 to 4C) beneath the ice. Melt rates edge, ice morphology, and ice defomation total cloud cover firo an altitude of6.7k
from the bottom of the ice tongue of El within the zone as well as the quantification _

varied from 20 to 40 crm/day in contrast of the major energy and momentum ex- L. & su un B. A_ B Env=wcW R.
with rates of2 to3m/day when the ice was changes taking place there (1). Because mar- searchInslnm of M' ii, Am Arbor, M, 48107.

O. M. mneen Geophysial Inautute-Nama
in the colder Arctic water. To estimate eddy ginal ice zones are located in regions that are O arid ot Center. Lnivmu of 846
thermodynamics, we assumed that half of either dark or cloudy for most of the year,
the eddy was covered by ice and that the ice microwave aircraft and satellite observation Srve, W CTwori a'S WAoog6aSurvey, Tacma, WA 98516.
was 1.5 m thick; under such conditions the are the best means ofobtaining hiSh-resolu- T. 0. Mu*,, Lamont-Doier Gcoloi Obf,-

my,, Pali" NY 10964.observed melt rates could easily account for dion synoptic surface infoirmation. We pre- N.' Cam N~adol d Spame U
the kl of appximately 350 km2 of sea ice sent he m an analysis of sequential high- Too .Fruee
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has a spatial resolution of 3 m by 3 m that is delineated. as are polynvas (areas of open to a convoluted, meandering ice edge. These
independent of altitude. Resolution at this water or reduced ice concentration), ice meanders result from the complex interac-
scale allows estimates of ice concentration floes varying in size from tens to hundreds tions along the boundary bernveen the rapid
accurate to 5%, a considerable improvement of meters, ice concentrations of varying southward East Greenland current, the
over radar estimates obtained earlier in the amounts, and the R.V. Polarqueen. warm northward-flowing Atlantic waters.
same area during the Norwegian Remote Figure 2 shows the results from an analy- and the highly variable winds (3). Ice edge
Sensing Experiment (2). Higher resolution sis of sequential aircraft images collected on meanders may play an important role in the
increases the ability to identify' individual 29 and 30 June and on 6 July 1984. Com- generation of ice-ocean eddies (4) because
floes and thereby provides more detailed ice parison of these images shows the transfor- they provide the initial perturbation in the
kinematics. In Fig. 1 the ice edge is clearly mation of a relatively north-south ice edge Ekman transport field that eventually results

in eddies. These edge :catures are composed
of ice floes ranging from 50 to 500 m inloW- W°E size, which are the result of gravity wave-iceinteraction and eddy-induced floe collisions

that break up large floes. Under moderate
wind conditions the ice in these meanders
reflects the MIZ ocean circulation because
the individual ice floes act as Lagrangian
drifters moving with the current. This is
particularly true in the summer season,
when the winds are normally light (less than

Polarqueen- . 4 in/sec) and there is no new ice formingI that would freeze floes together.
The sequential images give ice drift kine-

matic data; the ice drift vectors (Fig. 2) were
' Jul derived by locating the same floe in different

1030-1400 GMT images on 29 June and then on 6 Julv. The
kinematic data reveal three regimes of floe
drift during this 7-day period. First, the
floes at the edge moved fastest, an average

, distance of 75 km (12.5 cnvsec), in a south-
westerly direction, parallel to the ice edge.
Second, floes west of 2°E. at distances great-
er than 40 km from the edge. moved ap-
"proximately 45 km (7.5 cnvsec) to the
south. Finally, in the region around the
Polarqueen the ice drift was only 15 km ý2.5
cm/sec) to the southwest.

The decrease in speed and the change in
direction of the ice floe drift across the MIZ

I ," result from different fbrces acting on the ice
in the interior and at the edge. The interior,
"with greater ice concentration and larger

- •floes, is more strongly influenced by internal
ice stress than the ice edge, which normally
has lower ice concentrations and smaller floe
"sizes. The wind forcing also varies across the
MIZ because the edge region, with smaller
floe size and lower ice concentration, has a

Sgreater roughness than the interior. The

"third feature, the region of dramatically
A-[] a-&C-D-MI reduced ice drift, occurred at preciselv' thec

same time and location at which an ocean
frontal meander was observed in the dvnam-

' 30H ic height topography produced by a helicop-
l°W 10 kin Vt ter-based conductivity, temperature. and

ia-nt range depth (CID) section (5). Furthermore, the

Fig. 1. L-band (23-cm) SAI! imagery for 6 July. This image was obtained by the Environmental drift of a sound fixing and ranging (SO-
Research Institute of Michigan (ERLM) X-C- and L-band SAR mounted aboard the Canada Centre for FAR) buoy at a depth of 100 m (Fig. 2)
Remote Sensing Convair 580 aircraft. The enlargement of the area around the Podarquee shows the through this anomalous ice drift area
detailed ice information that a SAP. can provide. In the interpretation solid black areas represent showed that this meander was a cvclonic
individual floes, and white areas represent ice-free ocean and polynvas. Areas A through D have the
following ice concentrations, floe size ranges, and median floe sizes, respectively: (A) 20% to 45%, 8 t ocean edd-. The location and size of this
500m, and 125 m; (B) 45%ro70%.0to2.5km, and I km;(C) 70% to 9 %, 8 to 500 m, and 100 eddy was such that its circulation was op-
m, (D) 80% to 100%, 10 m to 9 km. and 1 kin. posed to the general ice drift direction,

4-,3o SCIENCE, VOL, 126



81 near -9040'N 2-40 E on 6 Julv and that.

29 30 was adx-ectcd into this region from the
W Irind23 northwest.

27NýýwcVBottom ablation measuremeints madU
this region v-ary from almost 0 mn da% I~~

24 2 the ice is In cold Polar %% arer to the % em high

- 29/30 June value of 0.5 m. day w-hen it comes in cost
26 wsith warm 13' to 4'C inorth Atlantic wsV

I 'ýS\The disappearance of the ice meander at
SOFAR FLOAT 79'20'N 3'E betweecn 30 June and 6 Jul%

POLAOUEN' LCATONScorroborates the ablation measurements E
2kshows the importance ot botto Sbait

26 the ice edge. This feature was visible on 29
and 30 June and had disappeared by 6
(Fig. 2). The SAR-derived co~nce ntr

2 measurements and areal coverage of c
3 ~feature yielded a net ice area of approximate-

Ji. 500 km. and ice in this area is n-pieaj12
26 24m thick. The ice ablation measurem s

made in this region at the same rite
80- easily account for the disappearance of the

3ice edge feature within a 6-day pri od. i
32 6 In summary-. these imaging radar obsctM-

tions show that the MIZ ice covecr is hi 1%l

6 variable and exhibits rapid dynami
Z1/10 10 -100 mFloesthermodynamic responses. At the ice .

8/10 10 600 m Foesduring light to moderate %vind conditia.
4 the ice drift mirrors the ocean circulation.

2 The seaward migration of the ice .
IF caused by either meandering ocean aurit
( ral- 1 Itor off-ice wind. is ultimately controllew ~

ice ablation. Radar-decrived ice kinematics
also provide information about oceane s
beneath the ice in the interior of the l

3 This information wvould be greatly im-
L watr 3 4proved by- more frequent imaging of the

Z5/1010 60 m loesMIZ. which would separate thec advicle

8/1010 -400 m Foesfrom the temporal changes. These ima~g
radar aircraft observations show that forth-

Dup0"Mi n Thotusand Me"ef coming polar orbiting satellites with
0 ~such as the European Research Sate]h 1

can provide high-resolution t30-min)

Longitude mation about ice edge position, ice mor-

Fig. 2. Composite sketch of ice edge. concentration, and floe size for 29 and 30 June and for 6 July phology, and ice kinematics that shqd
1984 derived from remotely- sensed data. Data from the ERIM SAR and the Centre National d'tudies alo stoaheegrae nertnit
Spatiales B-I17 Thompson VARVAN X-band sidec-looking airborne radar determined the ice edge the complex interactions in the N41.
position. The more detailed information about ice concentration and floe sizes were pros-ided bn, the
SAP. as were the ice kinematics s-ectors which resulted from identifying indi%-idual ice floes and their _____________________

positions. Also indicated on the figure are the track of a SOIFAR buoy-. bafthvemet contours (fine REFERtENCES AND NOTES
brown lines). and local surface wind. I-0. M.M Johannesscnaar&I.Celd R.ipew mnew and

ExprnoW Labomwv" Spreci Rtpevr 83-1.1 X.5
An-kE 0op fEgnerHrme. NH1 1963 .

which reduced the ice drift velocities, with an ice concentration of 50%, large floes 2. AmS-X Group ,S1nosr 22 H. 78 19I
Hence, the eddv slowed the ice drift in one close to the ice edge, and the region of 80% 3. 0. X Johannewsn. 1. A. Johannessen. S. Saný

K. L. Davidson. in Tke Exiiiiiiuuuu:ien oif kr ije \kz
region. changed the drift direction in the concentration farther from the edge caused Sm, B. Hurdle Ed. (Spinger-Verlag. .Ness York.
other region, and possibly augmented the by a northerly wind event from 2 to 4 July. 19861. _pp. 665-619.

4.0. M. Johanncssen et at.Sauno236, 27 11drift to the north. Ice advection and ablation control the ice 5s T. NMan is ,l W . s - p 432
Duning this 7-day period, not only did the edge position. For example, a 20-kmn south- 6- We are grarefu to the MIZEX Remote iiceedg cofigraton hane damaicaly aserl' ie ege dvace n te aea etwen Group and other including C. C~insshers.

ice ede coniguraion cange ramatially aster% iceedge dvanc inGahcarea.etwenloersen, GiTiGse en eil. TkilHT Heangpe

but so did the ice concentration distribu'- 80*20'N 4*E and 79*40'N 2*40'E on Fig. Ienitz. I. A. Johannessen. M IKelkr. C.Lu5&l
tio. n 2 ad 3 Jne hefirst 6 km from 2 was the result of ice ad'.emton from the Ls-den. M. Mognaud. R G. Onstott. D IoU.tio. O 29an 30Jun th Shtournn L. L. Sutherlaind. and E.N V'atll~aw

the edge had a 10% concentration, and the northeast. The SAR-derived ice drift mea- coowlienct. dama and help in preparing this m

remaining ice field had a concentration of surement of 75 kmn to the southwest near the Arti unsiotd b-ter ceontacts X000e1e4
80% or greater. In contrast, the 6 JUlY data ice edge confirms that the ice edge near 0295 and N.00014-8S-C-0406.
show a 15-km-wide diffuse ice edge' zone 80*20'N 4*E on 30 June is the same ice edge 19 May- 1986. accepted 21 lanuart- 1987
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Mesoscale Oceanographic Processes Beneath the In contrast to the Euleran mapping
purely gcostrophic baroclinic motion de-

Ice of Fram Strait duced from horzontal density variations3 _within the ocean, float trajectories depicted
T. 0. MANLEY, J. Z. VILLANUEVA, J. C. GASCARD, P. F. JEANNIN, a I - -- -- ian view of the circulation patterns
K. L. HUNKINS, J. VA N U LEER beneath the ice (Fig. 1. bottom) resulting

from both baroclinic and barotropic motion

(currents due to sea surface tilt). Although
A major component of the Fram Strait Marginal Ice Zone Experiment was the the float trajectories are complicated, the
investigation of air-sea-ice interactions, processes, and circulation patterns found prevalence of the mesoscale activity super-
behind the local ice edge and on scales greater than 10 kilometers (mesoscale and large imposed on the larger scale motion is readily
scale). Neutrally buoyant floats, ice-tethered cyceesondes, and helicopter-based mea- apparent, especially north of 80.25°N.
surements were used to obtain uniquely integrated and consistent views of the South of this latitude, average trajectories
mesoscale ocean features beneath the ice cover of Fram Strait. Within the vicinity of were to the southwest. A divergence zone
the Yermak Plateau, three distinct regions of mesoscale motion were observed that centered at 80.0°N and I°E was indicated byI coincided with the shallow topography of the plateau, the northward flowing Atlantic both float and ice-moored cvclesonde drift
water over the western flank of the plateau, and the strong current-shear zone of the tracks. This may be due to a strong destabili-
East Greenland Polar Front. A subice meander of the front was also observed, which zation of the EGPF as it leaves the western
was probably occluded subsequently. slope of the Yermak Plateau and travels over3_ deep water toward the Greenland Shelf. An

analogy to this would be the observed in-F RAM STRAIT, WHICH LIES BETWEEN The helicopter-based CTD data provided crease in meandering of the Uulf Stream as it
Greenland and Spitzbergen, is an area a view of mesoscale activity beneath the ice leaves the continental slope region off the
of primary exchange between the cover shown in the map of dynamic topog- North American coast (5).

Arctic and Atlantic Oceans. Within this raphy of the sea surface (synoptic over a 5- Anticyclonic behavior of one of the south-
region, strong open-ocean and ice-edge me- week data interval; Fig. 1, top). The con- em floats (80°N, 2*W) could not be directly
soscale activity between the southward flow- tours of dynamic height represent stream- accounted for in the surface dynamic ropog-
ing, ice-covered polar waters of the East lines of surface geostrophic currents relative raphy because of temporal disparity in the

Greenland Current and the warmer, north- to an assumed level of no motion at 200 m. data sets. Frequently, however, eddies With
ward flowing waters of Atlantic origin The larger scale feature trending north- similar rotational characteristics have been
(West Spitsbergen Current) has been linked northeast is the East Greenland Polar Front observed embedded in the EGPF (4).
to substantial cross-frontal transfers of heat, (EGPF), which defines the major division Detailed analysis of float trajectories north
salt, biomass, and chemical constituents (1). between the warmer, more saline water of of 80.25°N showed three distinct patterns of
Observations of such activity beneath the Atlantic origin to the east and the cooler, movement (denoted bv 1, II, and III in Fig.
ice-covered surface of the Arctic Ocean and less saline southward flowing waters of Arc- 1) that were strongly related to sea bottom
its peripheral seas have been rare (2), and tic origin to the west. topography. The first pattern (group I) was
even more detailed work within Fram Strait Superimposed on the EGPF is a frontal exhibited by floats over the Yermak Platc iu
before 1984 (2, 3) provided only slightly meander (about 80.7*N, 1.0°E) that has a where trajectories reflect bottom-trapped
improved results. nominal diameter of 30 km. The isolated motion. Two of these floats were situated

The Marginal Ice Zone Experiment (MI- features to the east and west were typically over and remained close to small bathymer-
ZEX-84) provided detailed information smaller (<20 kin) and represent discrete ric highs that rose about 300 m above the
about subice mesoscale oceanography with- eddies having both clockwise and counter- surrounding depths. The third float was
in a 50,000-km2 sector of Frarn Strait from clockwise rotation with core depths ranging located within the intervening 800-m-deep
mid-June to mid-July 1984. Within this from near-surface to several hundred meters. saddle and cycled between the other two
region, three different techniques were used More of these features appear on the eastern floats. Typical fluid motions were elliptical
to monitor mesoscale processes. Neutrally side of the front. Although this zonal varia- and preferentially cyclonic, with much larger
buoyant (nearly isobaric) drifting floats at tion may reflect a lack of more densely oscillations in the north-south direction
depths of about 100, 200, and 250 m spaced data in the west, it may also indicate (tens of kilometers) than in the east-west
(decibars) were tracked hourly by underwa- very different generating mechanisms or the direction (a few kilometers). The most
ter acoustic ranging. Cyclesondes acquired influence of the mean circulation patterns on southerly of these floats was trapped in

data on conductivity, temperature, and either side of the EGPF (or both). Repre- cyclonic movement for 36 days over theE depth (CTD) as well as on velocity, light sentations of surface dynamic topography topographic high where it was intentionally
transmission, and downwelling irradiance obtained by using deeper reference levels of deployed (Fig. 1, bottom, point A). Hydro-
while vertically cycling every hour within no motion (>200 m) increased the number graphic data indicated a weak dynamic sig-
the upper 200 m of the water column on a of mesoscale features observed and in one nature (anticyclonic) over the southern edge
taut wire rope attached to a free-drifting ice case (no motion at 500 m) reversed an of this same bathymetric high (Fig. 1, top,
floe (Argos positioning). Two rapidly de- eddy's sense of rotation. Thermal mapping point A), on 24 June, but it was replaced by
ployed helicopter-based CTD systems nomi- of the EGPF south of 79.5°N identified
nally provided continuous data to depths two additional eddies that were not resolved T. O. Manlv and K. L. Hunkm Lxn -Dohewm
of 600 m. Although differing widely by dynamic topography because of masking Geo 09uI Ob.evawtorv of Co1mbta Unvmy. Patk
in measuring characteristics, these tech- by the stronger signal of the front. One N 10964.0190 •. of

I.LVdLuteuwa and 1. Vani LeaUier. i f
niques provided unique, consistent, and eddy was identified as it passed two instru- 4600 Riambacktr cawwa. him, FL •3149.
complementary views of the subice meso- mented moorings on the East Greenland . C. GMcard P. P, F. Jamnum. Unmavm' of Pam,

L.Aboraboaf d'Occanapraphwc Dynammitz et de chauia-
scale. slope (4). c 4 PIMa Jumac 7s25 Pans Geo os, Fr,,.
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wealdv cvclonic motion several days later. floats over the central Yermak Plateau seems are common and may become large enc1 h
Although this specific motion cannot be to indicate that eddies, once trapped. may to shift a float into the region of trapped
accounted for by tidal motion rectified into eventuallv decay entirely in this region. If so, motion (group 1) over the Yermak Pla u
a clockwise mean flow over a local topo- this area may represent a sink for heat, salt, or into the region of larger scale 20 t 0
graphic high (6), it can be interpreted as the and chemical constituents. kin) meandering (group IfI). Although sur-
entrapment of a nonlocallv generated cv- Group II is a transition region between face dynamic topography does not show this
clonic eddy that had an appreciable barotro- groups I and III that defines those trajecto- northward flow, mean circulation patt" s
pic component of flow over the weak baro- ties having steady drift to the north. Small in the region (7) support this concept. I
clinic field. The observed confinement of east-west oscillations (at tidal frequencies) Directly west of group II larger meander-

- W LONGITUDE a 3 1
9 8 7 6 3 4 3 2 1 0 1 2 3 4 a 6 7 8 9

S\ I
Ut

6 I

0 A

% ,j ..
S 8 7 6 6 4 $ 2 1 0 1 2 3 4 5 6 7 S

W LONGITUDE ae-

Fig. 1. Mesoscale circulation patterns observed beneath the ice-covered between V and 4V from 79.7N. Isolated features (closed contours)
portion of Fram Strait. (Insst) Position of the survey area relative to eddies. (Bottom) Trajectories of neutrally buoyant floats (solid lines)
Greenland and Spitsbergen. (TOP) Shaded area of inset map, showing selected cvclesonde drift tracks (dashed lines). Arrows indicate the direction
surface dynamic toporaphy with 200 m as the level of no motion. The of movement. Eastward drift of the RV. PWriqueu is shown by a solid blWt
contour interval is I dvnamic centimeter. Arrows indicate the direction of line drawn from the end of the most easterfv cvesonde dnr track.
geosarophic flow. Small open circles are positions of helicopter CTD defines an area of long-term trapping of a float and point B define 3
stations. The EGPF is defined by close spacing of contours extending north central positon of the EGPF memder.
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2 W 1 0 1 2 3 4 E 5 Fig. 2. Detailed views ofthe EGPF meander A,

810 Float trajectrines solid lines, and cN clesondc drift
81.0- !L 81.0 tracks (dashed lines i superimposed on an expand-

ed vie's of the meander in surface dy-namic topog-
raphv (point B in Fig. L;. Arross's indicate the
direction of float moxement. Diamond and dot

Y ~patterns detine dlaily positions ot floats at 200 m
and 00 . rspeti%-cl%. Detailed cross sections of

temperature 58 and salinityC ln tesuh
ens% drift of the most westerly ex-clesonde -sho%%
the isolated core of the meander near the begin-
ning of the drift- The temperature scale (-1.8 to
3.2'C) is given to the left. the salinity scale (32.70
to 34.96 parts per thousand) is to the right, and
the time axis (in Julian davs) is at the bottom cidax

189 = 7July).

80.3 1 803
N S and may' suggest further involvement of

bottom topography in the mesoscale mo-
-1.8 25 .0 tion.

.3 0 From these data it is evident that meso-

-1.5 - - *o0 scale activ ity within the Fram Strait NIIZ is
div erse, ecrcompassing eddies. fronts, mean-

.30 ders, and motions associated with the inter-
33 .e related elfects of tides and topograph%. Al-

0.0r1 though not every feature is described fuilly in0. I- W.0 this report, the're is a striking correlation
(0 .90 among the available data sets. Baroclinic or

34 .20 barotropic instability (or both), topographic
generation through potential vorticitv con-

2.0 20 25 60 servation, and production cf mean currents

2.8 .7 through tidal rectification over topography
are all possible generating mechanisms. Fur-

2.9 so ther questions relating to the processes that
3 govern the evolution, existence, interaction.

100 .84 and eventual decay of mesoscale phenomena53.0 are still unresolved.

3.1
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Ocean Dynamics and Acoustic Fluctuations in the Fluctuations around the quasi-stealphase shifts are given in Table 1 for each of
Fram Strait Marginal Ice Zone several carrier frequencies f,. These d
IRA DYER,* PETER H. DAHL, ARTHUR B. BAGGEROER, y f 1.15 x 10 - 249. 3

PETER N. MIKHALEVSKyt -23

with the spread being 1 standard deviant
Acoustic waves transmitted over a 100-kilometer path in the Fram Strait marginal ice (or) on either side of the mean. U

zone undergo Doppler shifts and fluctuations around these shifts, the former due to Should acceleration have been dominant
quasi-steady motion of both acoustic source and receiver and the latter to unsteady in the frequency spread, the signal pha
motions of the water column and ice cover. Internal waves and differential Doppler would have been 21rfc - f -"I
shift usually account for such fluctuations in the deep temperate ocean but only where a is the Doppler shift rate and Ir
partially explain the results obtained in the marginal ice zone. There the fluctuations time. The spectral density (Eq. 2) would
are more energetic and may be caused alternatively or additionally by comparably then be modified by convolution with
energetic fluctuations in ice-edge eddies or other mesoscale motions. rectangular function of frequency wi

laIT, where T is the sampling window (I
URING THE FRAM STRAIT MAR- phase rate of each acoustic path are uncorre- used a value of 200 sec). We compare this
ginal Ice Zone Experiment (MI- lared, and that the phase rate changes as an width with the half-powerwidth of Eq. 23
ZEX-84), an acoustic source was incoherent sum over three or more indepen- test the assumption that such acceleratio

deployed on R.V. Polarqueen and a receiv- dent events along the propagation path, induced frequency spreading can be neglect-
ing array on R.V. Kvirbjorn. The source several investigators (2-5) have shown that ed. From the maximum slope in Fig. 1
emitted narrowband tones at carrier fre- the normalized complex correlation function obtain
quencies betwen 25 and 200 Hz for a 10- of the signal received versus time is I
hour period. During this time the two ships, 2c 2 10-6f (4)
about 100 km apart, were drifting with the r('r) = exp[-2iAtY T DrI (1) alT =

ice. Generally upward-refracting but vari- where T" is the time delay for the correlation,
able sound speed profiles, an undulating fD is the Doppler shift frequency, and v is a where c is the sound speed (- 1450 I
bottom (mean depth -700 m), and a vari- fluctuation parameter known as the root- sec'). From Eqs. 2 and 3 the measured
able ice cover of about two-thirds concentra- mean-square (rmis) single-path phase rate, half-power width is 2.35v - 3 x 10-.
tion characterized the overall acoustic envi- which is taken to be the same for each of the which is substantially larger than Eq.
ronment. Oceanographic data were acquired dominant paths. Equation 1 can be obtained Thus we conclude that range-rate accek'-r
for the acoustic path (about 80*47'N, 4°19'E only if acceleration of the source-receiver tion can be neglected. Furthermore, accel-
to about 80°20'N, 9*12'E) as well as for the pair is negligible, which as will be shown erations caused by drift through marg•
surrounding region (1). was the case in our experiment. The spectral ice zone (MIZ) velocity gradients

Acoustic data were analyzed to determine counterpart of Eq. 1 is source and receiver suspension motions rela-
Doppler shift and fluctuations around the rive to the ships can also be neglected. Noi
shift. The Doppler shift is assumed to be s~f) = (21 v)-t2 exP[-(f-fD)212v] (2) effects can also be ignored: the signal-t
quasi-steady because its various possible which shows that, under these assumptions, noise otio was high (>20 dB), which .iel
causes are inertiallv set by large-scale effects the spectrum is a Doppler-shifted Gaussian a negligible bias in v (<10%). Thus the
that evolve slowly in time. More rapid fluc- with spread proportional to v. This spec- vu in Table 1 can be ascribed to a qund d
tuations can be caused by unsteady motions n-un reasonably fits our observations. From static Process with fluctuations around
of the water column, such as internal waves, the data we can cxtractfD and v, the former mean Doppler shift.
We now describe both the quasi-steady by direct observation of the spectral shift Acoustic fluctuations in the temperate
Doppler shifts and the more rapid fluctua- and the latter by the covariance method (5- ocean are caused by internal waves for fix4
tions. Such data, when inverted, can eluci- 8). This methocd provides an estimate of v or slowly drifting source-receiver pairs (2,3
date ocean dynamical properties (such as without the need to estimate the entire and by diffirential Doppler shift for rapidly
eddy scale) and, when applied directly, de- spectrum and further enables parameter esti- drifting pairs (10, 11). It is therefre reaoq
fine elements of sonar system design (such mates to be obtained from short records, able to test these mechanisms for the MI3
as bandwidth). which in turn separates whatever spreading even though such measurements in the tesl

Under the assumption that the phase and might be due to quasi-steady shifts infD and perate ocean rarely encompass the dynamical
the intrinsic value of v. complexity of the MIZ. Meas• jmn

Figure 1 shows the range rate A as deter- the fluctuations due to internal waves can
-- • ..... mined from f. in each hourly Period. The represented (for the deep temperate

" • J quasi-steady Doppler shift is approximated by (2,9, 11)
in each period by a linear variation; the
assemblage of such linear segments is an

" approximation to a continuous curve that D.,, A. B. a P. N. Mikil e rtW
we believe to be a dose rendition of the meni of Ocean Erngmteen Mmaachuaem I•man ,--.. ,---Technlo. C~arb*,. MA 02139.IM m -m , , actual motion. Satellite data gave only six P. H. D Joint P in

simultaneous positions of the two ships; MamsudIus mos 1Iial TeChnoI= .A
FMg. 1. Range rare A obtained from the observed the provide a stepped approximation to 0239, Woods Hole Oceano 0ic I-
Doppler shift frequency on 19 June 1984. T thes idst epd appnou imation to __ H M024
solid line indicates Doppler data; the broken the quasi-steady continuous motion and, To c po"d• should be add d
indicates satellite data. Time is given as hours even though sparse, are reasonably consist- *PMM aIIm : Sciencet Applatin IMt
Greenwich mean time. ent with the continuous Doppler data. Corporaion. Falb Church VA 046

24 APRIL 1987 I IPORT



3 Table 1. Observed fluctuations over a 100-kmn let shift, and not drift accelerations or noise, period are indeed the most signilficant con-
path on 19 June 1984. Symbols: I,. carrier fre- then what is the cause? We have no answers, tributors. Instead we hypothesize that ed-
quencv; v, rms phase rate. only hypotheses about possible ocean dv- dies or other mesoscale motions of compara-
f1 (Hz mHz) namical mechanisms. In addition to internal ble scale are important in determining

waves, the MIZ has dynamical structure acoustic fluctuations in the MIZ.
25 0.4 associated with eddies, fronts, currents, and
65 0.8 meanders R. 15); we hy that one REFERENCES AND NOTES

105 1.2 pothesize
125 1.1 or more of these can contribute to or domi- 1. T 0. Ianle%- rr at., Sewn, 236. 432, 198-"F. D%-sn, W. Munk. B Zcdcr, I A-court w -IAm

165 1.4 nate the phase rate. A crude model for 2. 1 9s9 . W. nB.76,
200 2.4 fluctuations caused thereby is 3. W R. Hamblen. thesis. Massachusetts Institutr otmTcchnolog3_, Cambnid C 19--,

with rangeR in meters. To scale to the MIZ, -(982. sS. P. H. Dahl etal. rini -9. S69 .1986,
we take the accepted model (2) and adjust where ga is the rms spatial contrast in index 6. D. Sitrmans and B. 9urngarnr.9 A8pi 6ltt6ml 14.

Eq. 5 by the ratios of stability profile scale of refraction associated with the dynamical 991 1975,
1. D S. Zmic. IEEE Trans Aero Eleat 13. 3+4

depth ('=5.2 x 10-2), surface stability fre- the corresponding structure. 8 is characteris- , D197-,•.
quency (-2.3), acoustic axis stability frc- tic time, and L the characteristic radius. 8. _- &nd. 15. 613 19791.

quencv (- 12), inertial frequency (-2.0), Equation 8 is obtained from the phase fluc- 9. S. M. Flat.c. Ed.. Sound Transmwmon Thro aCa-
Flucruaring Quia i Cambndge Uni' Press. Cam-

and sound speed change induced by vertical tuations for Fresnel forward scattering (16), bridge. England. 1979).
internal wave displacement (-0.2), each of with 8 as the most energetic period in the 10. R. P. Porter and R. C. Spindel. I Acona. Soc Am61. 943,19-71.
which appear in the model in various alge- interval of observation. For the MIZ we 11. P. , Iikhak-sk%. rind. 66. 757 .19-9.

braic combinations. In choosing these ratios estimate a value for IL of 4.9 x 10-', and 12. M. D. Leime. C. A. Paulson. I. H. Mornson.]. Phw
Oceano•qr. 15, 800 1985ý.

we are guided by internal wave measure- with the observed value for v we find that 13. 0. M. Tohannessen. I. A. Johannessen. S. Sandven.
ments previously made in the same location anv other dynramical mechanism must have K. L. Dasidson. m B. G. Hurdle. Ed.. The Xosdc

Seai iSpringer-Verlag. New York. 19861.
and season in the MIZ (12, 13). The result 2. - 4 dav 2  (9) I. Dyer, paper presented at the Naval Research
(scaled to the MIZ) is - LaboraorT Svmoium on Underwater Acouscs.

tflWashington. DC. Februarv 1978.
v - 2 x 10- 9R'2fc (6) to fit the crude model. 0 O. M. Johannessen, I. A. johannessen. E. Svendsen.

If a mesoscale feature oscillates with the R. A. Shuchman. W. I. CampbelL. E losberger.Scien" 236. 427 t 1987).
which for R = 100 km becomes v - inertial period e, - 0.5 day, then its scale 2L 16 L. A. Chernov, Wa•e Pro~arson in a RAnAom

6 x 10-7f,. This prediction falls more than from Eq. 9 is 11 kin, which is about that Media. (McGraw-HilL New York. 19601

one order of magnitude below our measure- observed for underice eddies in the region of 17. We thank F. DiNapol and 0. Diachok for the
ment (Eq. 3), and thus internal wave mo- the acoustic experiment (1). Our observa- Hicks. and R. Dicus for techical assistance; and E

Scheer and J. Polcan for proading programs for the
tion is not a plausible explanation for acous- tion period (0.42 day.) is too short, and our an, data educton. Supported ay the Otfice of

tic fluctuations in our measurements, al- model too crude, to conclude with confi- .aall kesearch.Arctic Programs.
though it is remotely possible given the dence that eddy oscillations at the inertial 19 May 1986, accepted 20 Tanuar' 1987
uncertainties inherent in scaling from non-

concurrent internal wave data.
Phase rate fluctuations can be caused in a

quiescent ocean by source-receiver motion
through differential Doppler shift among p r of e Ie i h g from
the various acoustic paths, since each can be hysical ropertie S ea Ice Discharged
related to a differential angle with respect to Fram Strait
the horizontal. Such differential Doppler
fluctuations are observed in many experi-
ments with drifting sensors (10) and, when ANTHONY J. Gow AND WALTER B. TUcKER III
large enough, can cause fluctuations that
overwhelm those caused by ocean dynamics. It is estimated that 84 percent of the ice exiting the Arctic Basin through Fram Strait

We can estimate this phase rate as (14) during June and July 1984 was multiyear ice and that a large percentage of this ice is
' ridged or otherwise deformed. While freeboard and thickness data, together withI'= a kt• A (.c/c)/2ir (7) salinity measurements on cores, usually sufficed to distinguish between first and

where a is a constant dependent on the multiyear floes, preliminary identification could usually be made on the basis of snow
shape of the sound speed profile (estimated cover measurements with snow cover being much thicker on multiyear ice. Cores from
to be 0.5 for the Arctic), kc is the carrier the top half meter of multiyear floes were generally very much harder and more
wave number, and ,lcl is the incremental transparent than cores from first-year floes. Age estimates of multiyear floes, based on
sound speed relative to the total sound petrographic and salinity characteristics of cores, did not exceed 4 to 5 years for any of
speed defining the channel carnring the the floes that were observed exiting Pram Strait.
acoustic waves. For the MIZ we estimate
A/cc to be about 10-2 and, from the ob- UING JUNE AND JULY 1984, IN- from 40 separate floes that had likely origi-
served range rate (<sO.3 msec-g), find that 3 vestigations of the physical proper- nated in different parts of the Arctic Basin.
t,' is less than approximately 10-fc. This is ties of sea ice were conducted from Fram Strait is located between the East
at least one order of magnitude less than our the German icebreaker P0/amertz as part of Greenland coast and Spitsbergen and is the
result; thus differential Doppler shift is also the Marginal Ice Zone Experiment (MI-
an unlikely mechanism for acoustic fluctua- ZEX-84). A large area within the Fram
tion. Strait was traversed by P0lamrm and pr U.S. Am Cold Regons Research aM Engineerins

If not internal waves or differential Dopp- vided an opportunity to obtain core samples Laborator., Hanover. NH 03755
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Fig. 1(it.Fosapigses(filled circles) in Framn Strait. App ximatc 2001 1
positonsoftheiceedgcon 19 June and 17July 1984 are also indicated. Fig. 0 i4 2
2(rht). Salinity3, temperature, and structure profiles of a first-year ice floe from Salinity (per ml)

Fram Strait. The floe consists of 95% congelation ice. Arrows on the photographs
of horizontal thin sections indicate the direction of the current-controlled e A
orientation (preferred c-axis) of sea ice crystals.

major outflow region of ice from the Arctic A schematic depiction of crystalline tex- year, and 4 were composite floes made up of
Basin. The volume of ice outflow is highly ture, in vertical section, together with select- a combination of first-y-ear and multiveUvariable, both seasonally and annually (I1i. ed horizontal thin-section structure photo- ice. These composite floes usually consistce

However, estimates generally agree on an graphs and temperature and salinity profiles, of undeformed first-year ice attached to
average transport of about 0. 1 Sverdrup (2). were then prepared for cores from each floe. multivear floes. Because we sampled firs -
The discharge volume of ice through other Representative examples from a first and year ice whenever the opportun~it"l a rosetl

passages from the Arctic Basin (for example, multiyear ice floe are shown in Figs. 2 and 3, percentage of first-year ice we examined wA
Bering Strait or the Canadian Archipelago) respectively, biased toward higher values than actuallyis considered negligible by. comparison (2). Structurally, 75% of the ice we examined existed in the region. However, on the bai

The locations of sampling sites are shown consisted of columnar, vertically elongated of the number fraction of multivear to "i
in Fig. 1. Sampling covered a geographical crystals that were formed by direct freezing year ice floes examined, we estimate that Iarea that extended from 78°20'N to (congelation) of sea water to the underside fraction of multivear ice would exceed 75%
80°42'N latitude and from 7016'E to of the ice sheet. Granular ice, mainlv frazil, in most areas transited by the P0imatern. CU
7*10'W longitude. Individual floes were thus represented only about 25% of the a volume basis, if we assume that muitiyeEreached either directly from the side of total ice in the 40 floes we examined, and in floes arc on average 70% thicker than first-
Poianrten or by helicopter. Forty individual undeformed floes frazil averaged less than year floes, multiyear ice would constitu_
floes with diameters that ranged from 100 m 15% of the total ice thickness. It was found more than 84% of the volume of ice dO
to several kilometers were sampled, occa- in small amounts in the surface layers of charged from Fram Strait during this pe1
sionallv at more than one location on the most floes (often in conjunction with snow od. This contrasts significantly with earlier
same floe. Core drilling was performed at 54 ice) and in larger amounts (up to 71%) in estimates, such as those based on visui
separate sites. A total of 243.18 m of core old ridges where it occurred mainly as the observations on bird's-eye flights (6 1wh
was obtained, all but 5.01 m of which was material that filled the voids between ice indicated that multiyear ice represented
used for salinity and structural analysis, blocks. However, the frazil content of Fram than 40% of the spring-summer transition

Two cores were taken through the entire Strait floes is very much less than those (June and July) ice cover in the Greenlai
thickness of ice at each site. The larger of the observed in floes in the Weddeli Sea, Ant- Sea. There are two possibilities for the 1o5
two cores measured 10 cm in diameter and arctica, where it is estimated that it repre- percentage of first-year ice. The first is that
was returned to the ship for structural analy- seats 50 to 60% of the total ice in the first-year ice does not exist in large quanti-
sis. The second core, which measured 7.5 Weddll Sea ice pack (4). Such a contrast ties in the source regions that were respon.
cm in diameter, was used for ice temperature indicates that there are significant differ- ble for generating the ice that transited FraU
and salinity measurements. Salinity samples ences in oceanic structure and circulation Strait during MIZEX-84. The second possi-
were prepared from 10-cm-long core seg- between the Arctic Basin and the Weddell bilitv is that much of the first-year ice
ments that were placed in sealed containers Sea. deformed and crushed before it enterst
and then returned to the ship where they A standard taxonomy exists for the classi- Fram Strait.
were melted for salinity analysis (3). fication of sea ice based on its stage of Snow depths on multivear ice ranged

A 0.5-cm-thick vecrtial slice of ice was cut growth (5). The definition of multiyear ice from 3 to 65 cm and averaged 29 cm.m
from along the entire length of each struc- according to (5) requires that it have sur- first-year ice the snow cover iwas mu
ture core 10 cm in diameter and examined vived two summers. However, the distinc- thinner and averaged only 8 cm; it
between crossed polaroids to evaluate the tion between multiyear ice and second-year exceeded 20 cm. This difference in the
crvstalline texture and structure of ice in the ice is subtle and here we make only the amount of accumulated snow proved suchi
floe. Horizontal thin-;ection samples were larger distinction between first-year ice and reliable criterion of ice type that provision
then selected at intervals along the core and other ice that has survived at least one identification of first and multivcar floes
sliced to a thickness of 0.2 to 0.5 mm on a summer, or multiyear ice. could generally be made on this basis.
microtome to examine the crystalline struc- Of the 40 individual floes sampled, 27 liminary calculations based on snow ablati
tum in greater detail. were identified as multiyear, 9 were first modeling showed that it is possible for
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i thinner first-year ice to lose much of its significant amounts of deformed ice that had -_ .
snow by sublimation. Because first-year ice no intrinsic surface expression. Indeed, mul-
is relatively thin, more heat is conducted tivear floes may survive for several years j 4

from the ocean to the ice surface and sensi- because they are composed of a large per-ble and latent heat losses to the atmosphere centag¢ of stronger and thicker multiyear i i""•

are correspondingly larger than those for ridges. &A in

thick ice. Modeling results for snow-free ice The salinity profiles usually permitted
(7) showed that 3.0-m-thick ice had negligi- identification of the ice as either first-year or
ble latent-heat loss from November through multivear ice, especially in cases where the 1 2 3 4 5

May while thinner ice had substantial heat ice thickness may have indicated otherwise. h (i)
loss. Thus the transfer of oceanic heat Multivear ice salinity averaged 2.1 per mil, F19. 4. Plt of bulk salinity versus thickness of
through young sea ice is believed capable of and the salinin, was generally very low (<1 tim-vwar and muitivear ice .elos in Frain Strait.
sublimating substantial quantities of snow per mil) in the upper layers of floes because The best linear regression fit for the upper line is
and leads to much thinner snow covers on of flushing and extensive brine drainage Si = 3.75 + 0.22h, and for the lower line is
first-year floes, during previous summers. We found the S, = 1.58 + 0.18h. where S, is salinity and b is icethickness. Closed circles are first-ycar icc; open

First-year ice thicknesses ranged from 38 mean salinity of first-year ice to be 4.0 per circles arc ultive ice, d, trianr e is first-year
cm in a newly refrozen lead to a maximum mil with salinities usually greater than 2 per ridge ice.I of 236 cm in a floe that measured several mil in the upper layers. As the melt period
kilometers in diameter. Multivear ice thick- progressed from mid-June to mid-July the nest multivear ice (1.7 to 1.8 m) was appre-
nesses ranged from 174 cm to 536 cm with mean salinity of the first-year ice decreased ciably thinner than the thickest first-year iceI the thicker of these coming from old ridge about 1 per mil while-that of the multivear (2.3 m thick). However, even if snow laver
fragments. The greatest thickness observed ice increased by about 0.3 per mi. Figure 4 thickness considerations are ignored, posi-
that showed no evidence of previous defor- shows the variation of mean salinity with ice tive identification of multivear ice could
mation was 411 cm, but of seven floes that thickness for both ice types. Both show a usually be made from observations of theI exceeded 3.5 m in thickness, six were of slight salinity increase with ice thickness. appearance and mechanical condition of ice
previously deformed ice. Ten of the 31 The least-squares fit for multivear data is in cores in the top meter of a floe. First-year ice
multivear cores retrieved were identified as excellent agreement with that found for is characteristically opaque, mainly because
having been drilled in ridged ice. Although warm, predominantly Beaufort Sea ice (8). of the light-scattering effect of the numerous
we never purposely drilled into ridged ice, Identification of multivear ice on the basis brine pockets located within the substruc-
the fact that one-third of our multivear ice of freeboards or drilled thickness or both tuwr of the sea ice crystals. However, our
cores contained ridged ice indicated that was not always reliable, especially in the experience in Fram Strait was that the topi multiyear floes may have been composed of region of thickness overlap where the thin- 0.5 to 1.0 m of ice in multivear floes is (i)

AVh F ig. &. Salinity, tempera-
4k. %6;ture, and structure profiles

of a multivear ie foe corn-

- posed of 93% congelation

Temperature ('C)
-6 -4 -2 0

100! ..

3200 tlL
I •"

S0 2 4 6 Fig. $. (A) Thin section of
allnlt, (per mll.)• first-vear sea ice that exhibit-5 d oriented ice plt-nbrine laver sbtutr

I em 'which is retextured, brine-
drained ice of multivear floe.
No that despitc reret-ur-ing die o= la~lignnment of'-'--
crysals was retained.
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1
much less opaque and often semitransparent most probably with growth during unen- 4 A. I Go-. S F Ackle'. W F Weeks. I W Go% oMn

Ann. Gl" 1 113 1982,,W F WeeksandS Fin appearance, and (ii) much more resistant cumbered drift or rotation of the ice floe .ck,. CAC.EL Mw 2.I "S .1 m, C, %
to drilling and sawing than first-year ice. with respect to the direction of the current Regions Rescarh and Engineering LabtratuHanover. NH. 1982•.
These changes are attributed to the exposure directly beneath the ice. This was a common H Wora n ereoro•,g.,ai Organiaton. NH. 1982m1

of the ice to elevated temperature and solar condition of recently formed or activelV Rep. 8. 10-, 19561
radiation during the previous summer or growing ice on the bottom of floes as they 6 . IW 1. ttantmann and 1 I. Schul.. PmcstmadR or •tw

CY Swrpni o Araa Heat Budarr. Rtp IRLI.522
summers, which not only results in substan- exited Fram Strait. ,sF Rand Crporaton. Santa Monica. CA, 196m
tial loss of brine. as bo~rne out by salinity G. A. Mavkut. 7 G¢m R. 83. 3646 119-8.8 G. F N, Cox and W F Weeks. I G&Lcuo 13. 1
measurements, but also produces significant A197CA
changes in the crystalline texture of the ice. RFporr A-D OT 4 s A. PcR restor.FIbsechngs ncud mjo mdiictin 1. T. E. Vinlc. Nartk Patanwritur A bok 1 1975). sa. CA, 19-4)othiepaenbrea l usc 2. T.m. 1... nA. o.2.These changes include malor modification 1. v T. E.iie . Pro.-nukt• A tr5. R5, 0 1" F R-: A2rot I oens

of the ice plate and brine lamella sub-struo 19581ý K. Aagaard and P Greisman, J. GC~eop 5105 W I978w i•ad. 85. 1137G 1980I
rure of crystals, sometimes to the point of Ra 80. 3821 1195-.. 11 This research was sposorted ba the tpS

3.Masurments of anitO were - Oice of Naval Researh through grcvirtually complete obliteration of brine nire-compensaung Bel.man Solubndge that was N0001484WRM2406 We thank the MIZEX sý
pockets, and substantial smoothing out ot the penrodicaikealibrated against solutions that were and the s.cintsts and cres aboard PaL•,sre'.lq

prepared firom G~pcnhagen Standard Seawater
typically angular, interpenetrated outlines of h ro m o penha Sndard Selwdter their cooperauon during the MIZEX-84 cruse.

(. o fntyo 19,373 per mih. [nidiiduai deterrnu'the crvstals themselves. We term such tex- nations were considered accurate to ±0.2 per nl. 19 May 1986. accepted 16 Tanuary 198-

tural modification as retexturing. An exam-
pie of such structure and that of fresh, I
unmodified congelation ice is shown in Fig.
5, A and B. This retexturing, which was
observed to depths of a meter or more, is I
probably equivalent to the so-called recrys-
tallization inferred from microwave mea-
surements (9) to have occurred in the upper
levels of multivear ice in the Beaufort Sea. 1

Retexturing of sea ice occurs simulta-

neously with flushing of summer surface
melt water, which is the principal mecha-
nism by which brine is drained downward
from the floe to create ice with multivear
salinity characteristics. Ultimately the ice at
the top of the floe, which is retexwred,
glacier-like, and brine-poor, bears little re-
semblance to the original sea ice. Such mod-
ification should result in significant changes
in the mechanical and electromagnetic prop- I
erties of this ice and in its response to

remote-sensing signals.
Although drilling the top meter or so of 3

floes generally sufficed to distinguish be-
tween first-year and multiyear ice types,
complete drilling of a multiyear floe is need-
ed to obtain an estimate of its age. Most
floes show some evidence of aligned c-axis
structure related to the growth of ice under
the direct influence of currents at the grow-
ing ice interface (10). Alignment changes in I
a multiyear floe thus constitute a record of

the orientation of the floe with respect to
the direction of current motion directly be-
neath the ice. We assume that the alignment
directions of the c-axes occur on an annually
repeating basis, which is consistent with
wintertime growth under conditions of an
immobilized or tight pack. Such changes in
alignment direction together with crystal
size and shape changes and surges in the
salinity profile (which often coincide with I
changes of crystal alignment) can be used to
estimate the ages of multiyear floes. Floes
demonstrably older than 4 to 5 years were
not observed. Conversely, the absence of
aligned c-axis structure can be correlated
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Surface expressions of eddies within the ice pack

ROBERT A. SHUCHMAN and LAURA L. SUTHERLAND
Radar Science Laboratory, Advanced Concepts Division,
Environmental Research Institute of Michigan, Ann Arbor.
Michigan 48107, U.S.A.

I and OLA M. JOHANNESSEN

Nansen Remote Sensing Center-Geophysical Institute,
University of Bergen, Bergen, Norway

During the summer of 1984 a Marginal Ice Zone Experiment (MIZEX) was carried
out in the Fram Strait off the Greenland Sea. This is an area of extremely active
seasonal ice formation and melting which creates a complex interaction between air,
sea and ice. These air-sea-ice interactions have an important influence on both local3 and hemispheric weather and climate.
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This oblique aerial photograph was taken from the cockpit of a CV-580 during

MIZEX by Dr. Robert A. Shuchman of the Environmental Research Institute of
Michigan (ERIM). The photograph was taken at an altitude of 7 km. Coincident
synthetic aperture radar (SAR) data were collected by the aircraft, as well as visual and
infrared images from NOAA satellites. The centre of the eddy was located at
approximately 78" 40'N and 2: 00'W on 30 June 1984. The diameter of the eddy is
30-40 km. Remote sensing observations coupled with in situ measurements showed
that this eddy propagated southwards with a velocity of 10-15 km per day. Orbital
velocity was of the order of 50cm/s (Johannessen et al. 1987),

The photographed eddy has a cyclonic rotation, however, initial results of the
investigation conducted during the 1987 Winter MIZEX suggest that eddies consist of
a jet which develops into a vortex pair, one cyclonic and one anticyclonic. During this
more recent experiment vortex pairs were documented using SAR, CTD, drifting
ARGOS buoys and current meter measurements. During MIZEX 1983 and 1984.
observations only dealt with the cyclonic portion due to quick ice melting in the
anticyclonic eddy. Initial analysis of 1987 MIZEX data also suggests that these eddies
are topographically generated.

During the more recent MIZEX, daily SAR data was downlinked to the ships in the
field. This read out in real time proved to be a powerful tool to aid in the planning and
carrying out of field experiments. Further analysis of the data collected should yield
new insights on Arctic eddy structure and circulation.

Reference
JOHANNESSEN, J. A., JOHANNESSEN, 0. M., SVENDSEN, E., SHUCHMAN, R., MANLEY, T..

CAMPBELL. W. J., JOSBERGER, E. G., SANDVEN, S., GASCARD, J. C., OLAUSSEN, T..
DAVIDSON, K., and VAN LER, J., 1987, Mesoscale eddies in the Fram Strait Marginal Ice
Zone during the 1983 and 1984 Marginal Ice Zone Experiments. Journal of Geophysical
Research, 92, 6754-6772. I
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USE OF SYNTHETIC APERTURE RADAR-DERIVED KINEMATICS IN MAPPING HESOSCALE OCEAN STRUCTURE
WITHIN THE INTERIOR MARGINAL ICE ZONE

3 T. 0. Hanley

Lamont-Doherty Geological Observatory of Columbia University, Palisades. New York

3 "R. A. Shuchman and B. A. Burns

Radar Science Laboratory, Advanced Concepts Division, Environmental Research Institute
of Michigan, Ann Arbor

Abstract. Synthetic aperture radar (SAL) suited for polar research. SatellIte-based pas-
iaegery of the marginal ice zone over the western sive microwave systems, such as electronic scan-

sector of the Yermak Plateau defined a region of ning microwave radiometer (ESMRB) and scanning
anomaLous ice motion that could not be accounted multichannel microwave radiometer (SMHR), have
for by simple free-drift movement of the sea ice been extremely valuable to observationalists and

based on daily averaged winds over the same time modelers of air-sea-ice interaction relating to

period from June 29 to July 6, 1984. Sea ice polar-scale studies (CavalierL et al., 1984;
trajectories within this anomalous region are, Zwally et al., 19831, as well as more regional
however, consistent with oceanic forcing of the work [e.g., Svendsen at &l., 19831. These

pack ice by a mesoscale eddy that had recently systems have provided information on ice concen-

formed off the Polar Front. Although the use of tration, multiyear sea ice fraction, snow cover,
such imagery has already been shown to be a and surface melting at resolutions from 30 to
diagnostLc cool in mapping ocean features at the 150 kSe, depending on the combination of frequency

ice edge, the observed correlation SO to 70 km and antenna size [Gloerson and Barath, 19771.
behind the local ice edge Indicates that SAL Because of the large footprint (resolution)
imagery has the potential to define energetic involved, such imagery is not well suited for the
esoscale and Larger oceanic features well within observation of open ocean mesoscale phenomena

,e polar pack ice. with scales ranging from 10 to 30 km and is even
Less well suited for pattern recognition of

Introduction discrete ice floe, which for the interLor Arctic
Ocean would be of .&he order of a kilometer.

Various types of imaging systems, both Vithin the MhZ, however, a much finer spatial
aircraft and satellite based, have been used over resolution of the order of a hundred meters would

the last 15 years to define specific character- be required, and it is within this finer resolu-
istics of the polar sea Lee cover. Their capac- tion band that synthetic aperture radar (SAR) is
ity to carry out such goals is largely dependent capable of operating.

on the wavelength of the sensor used, correspond- Synthetic aperture radar is an active micro-

ing spatial resolution, and the availability of wave system that has, like the passive systems, a
repeat coverage over the same geographical area day-night all-weather imaging capability. For an
INASA Science Working Group for the Special Sen- active satellite-based sensor, it possesses reLa-

sor microwave Imager, 19841. High-resolution tiveLy high resolution (25 a) (Jordan, 19801
(100 a to I ki) visible and infrared imagery have which can be maintained independent of altitude
already been used extensively within the marginal through signal phase Information (Jensen et al.,
ice zone (hIZ) of Fran Strait. Vtinj 119771 has 19771. The potential advantage of this higher

repeatedly used Landeat capabilities to track resolution imagery for interpreting changes in

specific ice floes over varying periods of time areal ice concentration amd/or ice surface condi-
Is order to define mean ice motion, and it was tions, as well as for the monitoring of sea ice
through these studies that the semipermanent gyre notion, has been demonstrated with the first
around the Molloy Deep was first observed. In satellite SAIL (Seasat) (Carsey, L985. Hall and
addition, Johannessen st aL. 11984, this issue] Iothrock, 1981; LeberL et aL.. 1963; Curlander at
have used advanced very high resolution radi- al., 19851. In addition, aircraft SAlA have been
meter (AVHRI) imagery In conjunction with used in several Arctic field experiments to
hydrographic data to further document the provide regional information on ice type distri-
existence of t1lis feature. Unfortunately, any bution (Gray at al., 19821. ice edge features
continuous monitoring of ice-ocean interactions [Norwegian temot Sensing Experiment Group,
from visible and infrared imagery is rare because 19831. as well as floe size, ice concentration,
of the prevalent cloud and fto cover typically and ice motion (NargiuaL Ice Zone Experiment
found within the MhZ as well as the extended (NIZZX) Group. 19561 Campbell at al., this issuel
period of polar darkness. Dorns, 1987; L. A. Shuchtan at al., unpublished

Microwave sensors, on the other huad, can manuscript, 19861.
ilgs during periods of darkness and through meet The aircraft SAl imagery consideced in this

cloud and fog conditions and therefore are well note was obtained during the 1984 fram Strait
marginal Ice Zone Experimoeut (NIZEX '84) on June

Copyright 1967 by the American Geophysical Union. 29 and July 6 at frequencies of 1.2 and 9.4 GCs.
The 3-a resolution of this imagery was used to

Paper number 7COL14. identify not only the shape of iee floes but also3 0146-022787/700?C-0 14$05.00 their interior features which in turn could be
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6838 Manley et &1.: SAR-Derived Kinematics in the Marginal Ice Zone I
6°*06 tively narrow current centered at a depth of

roughly 150 a with temperatures in the range of
Plateau 3* - 6VC [Swift and Aagaard, 19841. A large

portion of the West Spitsbergen Current does not
enter the Arctic Ocean proper but recirculates
across Fran Strait via the Return Atlantic Cur-
rent that is made up of several broad, westward

so $1 EGCflowing filaments between 75* and 82*N (Paquette
et al., 19851. These filaments eventually merge

with the eastern part of the southward flowingSEast Greenland Current that transports cooler,
71 S.c less saline polar waters and sea ice from the

Arctic Ocean. Water from the Return Atlantic
IS Current is typically associated with the East

Greenland Polar Front (EGPF) and Lies directly

east of the Polar Water and often beneath the ice
and Polar Water IPaquette at al., 1985). The

remaining portion of the Atlantic Water that does
enter the Arctic Ocean as an extension of the

PA West Spitsbergen Current appears to do so as two
AAc-~ separate and identifiable filaments that skirt

7Q) the shallow (approximately 1000 a) Yornak

75N Plateau, which is located north-northwest of4°w 2°w O" 2 ° e 01e &*e re Svalbard [Parkin and Lewis, 19841. The more

0..t".nthousandmers LanmWmeh southerly of these two branches follows the

coastline of Spitsbergen as it moves north and

*O0ovesofl IW ZOWOWI then east, while the other closely follows the
ice EtdIN* c€aw am 1500-m isobath which defines the western and then

the northern Limits of the Yeramk Plateau. It
Fig. I. Schematic diagram of the general surface will be in this region of the Yermak Plateau that

ocean'circulation of Fram Strait. The bathymetry data will be presented. I
is shown in the figure as is the average ice edge
for the period of SAR observation. The boxed Data Set Description and Analysis
area in the upper left corner of the figure rep-
resents the coverage of SAR and oceanographic in During NIZEX '84, detailed information on sub-
situ measurements and defines the limits of Fig- ice mebosrie oceanography was obtained within a
ureas 2 and 3. 30,000-km sector of Fram Strait from mid-June to

Kid-July. Although a large variety of data-

gathering techniques were used in the monitoring
tracked from image to image. Both frequency of oceanographic processes (HIZEX Group, 19861,
bands were used for this purpose. Greater pene- only those operating within the time period from
tration of wet snow cover was obtained at the June 27 and July 6 and within a specific sector
lower frequency and therefore portrayed weatnes of the Yermak Plateau's western flank will be I
features within the floe, whereas the higher discussed. These constraints limited data to

frequency gave a better ice-water contrast and those obtained fton neutrally buoyant free-
floe edge determination, drifting sound fixing and ranging (SOFAR) floats,

In this note, ice floe trajectories derived helicopter-based conductivity-temperature-depth I
from the SAR imagery are compared with oceano- (CTD) systems, drifting Argos positioned current
graphic data in order to examine the utili 7 of meters, and the aircraft-based SAR imagery
SAR as an aid to interpretation of the mesosacle (Figure 1).

oceanography within the interior HIZ. Within this overlapping tmpor.al and spa;tl.-t L

domain, only two SAR Images, obtained on June 29
General Oceanographic Circulation Within and July 6, weore used in the analysis. Absolute

Fram Strait positioning of the images was accomplished
through a known reference marker, in this speci-

The region of From Strait is one of the more fic case the H/V PoLarguoen, which was also
dynamic and important areas of concern in the located within the analysis region. Ice kine-
north polar region. Here the major transport of "atic (trajectory) diagrams were later obtained
heat, salt, and mass (ice and water) takes place by calculating the time-maen displacement of
between the Arctic and Atlantic oceans via the specific Ice floes over the successive SAl images
Greenland and Norwegian seas [Aagaard and Gries- using unique pattern and/or signature recogni-
man, 19751. The general surface circulation in tion. This methodology was consistent with that
the vicinity of the HIEM '84 field program is used in the analysis of Seasat data [Hall and
schematically superimposed on bathymetry in lothrock, 19811 Leberl et al., 1963; Curlander et I
Figure I. al., 19851 and for the first time compared with

Detailed explanations of the oceanic circula- independent in situ measurements during HIZEX '83

tion patterns existing in Fram Strait ore pro- (Shuchman et al., 19861.
rebted by Johanneasen et al. (this issueS; The resulting ice kinematics diagram (Figure I
therefore only a brief discussion is ivaes 2a) shows a very high spatial vatiability of ice

here. Worm Atlantic Water is brought into Fran motion within an approximate 30 km by 50 km
Strait via the West Spitabergen Current, a rela- region. Throe regimes of ice drift were defined
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3 Fig. 2. (a) SAR-datived ice kinematics for the 7-day interval June 29 to July 6 over
the western slope of the Yormak Plateau. The ice edge for June 29 and July 6 is also
presented, along with the daily averaged wind velocities obfained from the H/V Polar-
queen. Wind velocities are plotted in an oceanographic sense (i.e., arrow points
downwind). The trajectory for the neutrally buoyant SOFAR float (100-m depth) is
indicated by the dotted line in both figures for comparison with Figure 3. Dots onSOFAR track are every other day positions starting with June 21. (b) Residual ice

notion derived by subtracting an estimated mean velocity of the ice (6.5 cm/s) based
an winds from IV Polargusen and a free-Lceo-drift assumption over the 7 days of obser-

vation.

during this 7-day period: (1) the outermost 20 Vectorially summing each daily displacement from
to 30 kh, which moved uniformly southwest along June 29 to July 6 then yielded the estimated netthe ice edge, with an average speed greater thane displacemnt of sea ice to be 39.2 ke along a
10 cm/s; (2) the region west of 201 and at bearing of 1910 for an average speed of 5.6 ke/d
distances greater than 40 he from the ice edge, (6.5 cm/s) over the 7 days. The net contribution
which displayed a mean southward drift of 5 to of oceaniC fo•t.i!g, to & first-order approxima-
10 cl/S, and (3) an area of very slow drift, tion when neglecting the effects of internal ice
north of regime I and east of regime 2, which stress, can he seen in the residual velocity
showed mean velocities around 2-3 cm/s. Since it vectors obtained from the removal of the net
can be considered that atmospheric forcing of the free-drift motion from that of the observed
ice and ocean is uniform over this relatively field. These residuals which are depicted in
small region, the resulting time-averaged maso- Figure 2b still show a component of water move-
scale spatial variability observed in the Lee mnt parallel to the Local ice edge in regime
movemtnt must be due, in Large part, to effects 1. This general southwestward movement is
of oceanic circulation, typically expected within the region of the ice

In order to define the effects of oceanic edge based on past historical data in the Free
forcing on the sea Lee more realistically, daily Strait and is associated with the flow of ice and
averaged winds obtained from the free-drifting Polar Water exiting from the Arctic Ocean in
ship H/V PoLarqueen were used to estimate the net conjunction with the Polar Front. In contrast to
displacement of the sea ice from June 29 to July this, there is a strong tendency of cyclonic
I usin a simple atmosphericalLy forced, free- rotation in the ice field centered around 291 and
drift assumption. This assumption defined 80.75"N in regimes 2 and 3. Unfortunately. SAl
instantaneous Lee movement to be directed 30* to imagery did not extend farther into the interior
the right of the wind with a speed equal to 32 of of the pack ice and therefore could not
the wind. Integrating this estimate over the completely defins a complete cyclonic field of
tie period to the next successive wind observe- ice movement.
ties, typically 24 baors, but less for the begin- Further iaformation on the mososcaL. and
sing and ending in order to match the times of larger oceanographic circulation within this
the SAX imagery, yields the net daily drift, specific region was obtained from helicopter-•I
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51Nissue). The trajectories of the ice-moored buoys

did not complete closed-loop drift patterns as
did the SOFAR floats, since they were evidently

forced out of the meander-eddy field by northerly. . . . ..:N ..... winds that picked up early on July 6.When viewed as an ensemble, hydrographic
information, SOFAR float trajectories, and the
movement of ice-moored buoys reveal the Location

A• and dimensions of a cyclonic mesoscale eddy that
was found some SO to 70 km interior to the local
ice edge. The circulation pattern on its eastern

half Is consistent with residual ice motion (Fig-
ure 2b), which estimates the oceanic contribution
to ice movement, as vell as the observed field

2' (Figure Za). which defines the total contribution
so •of eddy-induced, atmospheric, and internal ice

stresses. The degree of eddy-induced alteration

~ . of ice motion would be strongly dependent on the
wind velocity, the strength of the frictional

. .... , .olwoot% the h'.• of the Ite and the
...... / /*--v-.-. " -"" -. l 1.it% , * 1 the. tine evo,,,j over

4OW 2*W 0' 201 4*G which these processes act. maeley and Hunkins
Longitude [19851 have observed many such mesoscale eddies

within the Beaufort Sea of the western Arctic
Fig. 3. Contours of the surface dynamic topog- Ocean that had subsurface azimuthal velocities as
raphy superimposed c. detailed bathymetry. Depth high as 50 cm/s, however, they were effectively ,
is given in thousanas of meters. Arrows on dy- decoupled from the surface by spindown processes

namic topography contours define direction of and therefore would not affect or modify the
surface water movement relative to a Level of no movement of the ice cover.
motion at 200 m. The frontal meander is located It may also be reasonable to expect that the I
at approximately 80.7eN and 10E. Trajectory of eddy defined in this textowould be subject to the

neutrally buoyant SOPAR float (100 m) is Iadi- same frictional gpindown processes against the
cated by the dotted line. base of the ice as was suggested by manley and

Hunklas 11985J and analytically modeled by Ou and I
Gordon L9661. in their model, Ou and Gordon

based CTDs. These data were used to construct calculated spindown times of an isolated eddy
surface dynamic topography maps (0/200) defining possessing a surface velocity maximum to be on
the streamlines of surface water velocity result- the order of days to weeks after a rigid lid of
ing from density variations within the ocean, ice was placed at the surface. In the case of a
Several subsurface mesoscale eddies and ice edge meander, though, it is probable that spindown
features were documented using this technique would not be complete since it would continue to

MhanLey et al., 1987; this issueS. One of the obtain its kinetic energy from the Larger bern-
most notable mesoscale features was a nearly- clinic field of the Polar Front. once broken

occluded meander of the ZGP? centered at about away from the Polar Front, however, the eddy
80.7H, lE. it is shown In Figure 3 supetiM- would begin to spin down against the ice. This
posed on more detailed bathymetry of the region- would imply that only larger features possessing

The meander was mapped from June 27 to June 30, an "infinite" source of energy (e.g., the Polar
during which time it possessed a diameter of front) or newly created features having appre-
roughly 30 ki, a typical vertical extent of 200 ciable surface velocities would be capable of
m, and maximum dynamically calculated tangential modifying the movement of the surface ice cover
speeds of 30 cm/s near the base of the ice. and hence be capable of observation via satellite
Approximately six days later, two SOFAI floats at imagery.
depths of 100 and 200 m were caught in the
meander field (which had evidently moved slightly Suomary
to the northeast by this time) and moved in I
cyclonic patterns at varying distances from its High-resoLution SAIL images taken oves the same

center ([anley et &1., 1987). The float traJec- geographic area of Fram Strait were used to
tories also defined closed loops which indicated provide a tim-Man ice kinematic diagram for the
that the meander had evolved Into an Isolated period June 29 to July 6, 1984. The net free- I
cyclonic mesoscale eddy by July 6. S0e of the drift motion of the ice was calculated from daily

float trajectories at 100 a is shown in Figure 3 averaged wind data over the same time period and
in relation to the surface dynamic topography as then removed from the observed motion to provide
well as in figures 2a and 2b for comparison. an estimate of the oceanographically induced ice

Furthermore, analysis of current meters movement (residual field). Ice trajectories
suspended beneath two Argos buoys (3094 and 5095) observed In the kinematic diagram defined a
deployed by the University of Bergen on ice region of anomalous mesoscale activity some 50 to
floes, as well as free-drifting Cyclesonde mea- 70 km interior to the local ice edge, while
surements obtained by the University of Miami, residual Lce motion revealed the cyclonic ten-
confirmed various parts of the cyclonic nature of dency of the flow field as well as the expected
the meander-eddy flow field (Manley et al., 1987, southwest movement of Polar Water and ice associ-
Sandven et a&., 1985; Jobhnnessen rt &I., this ated With the Polar Front. This information 3
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agreed well with a variety of hydrographic data SAR imagery, IEEE J. Oceanic Eng., OE-o0(.),
that detailed the existence of an energetic 1985.
cyclonic mesoscale eddy that had recently pinched Gloersen, P., and F. Barath, A scanning multi-
off of the Polar Front. The ability to observe channel microwave radiometer for NLtmbus-G and
the position and relative size of such an oceanic Seasat, IEEE J. Oceanic Eng., OE-.2, 172-178,
feature, well interior to the local ice edge, 1977.
from SAR-derived ice kinematics represents a Gray, A. L., R. K. Hawkins, C. E. Livingstone, L.
significant improvement over current remote Drapier Arsenault, and W. H. Johnston*, SLmul-
sensing observations. tAneous scatterometer and radiometer measure-

Both the temporal and the spatial resolution wants of sea ice microwave signatures, IEEE J.
required to observe such complex mesoscale motion Ocean Eng., OE-7, 20-32, 1982.
of sea ice are very critical. Even though floe Hall, R. T., and D. A. Rothrock, Sea ice dis-
sizes are typically much larger (kilometers) placement from Seasat synthetic aperture
within the deep interior of the pack ice, obser- radar, J. Geophys. Res., 86, Ll,078-11,082,
vations must also be capable of defining floe 1981.

sizes of the order of hundreds of meters which Jensen, H., L. C. Graham, L. 1. Porcello, and
are found within the NIZ. Temporally, measure- E. N. Leith, Side-looking airborne radar, Sci.
ments not only must be made over very short time Am., 237, 84-95, 1977.
periods of a few days but must also be made Johannessen, 0. ., J. A. Johannessen, B. Far-
consistently over weeks and months in order to rally, K. Kloster, and R. A. Shuchman, Eddy
accurately capture small deviations of movement studies during NIZEX '83 by ship and remote

relative to the mean field of motion. Neither of sensing observations, Proc. IGARSS 84 Sympo-
these requirements has been rou;.Lnely met by sium, Strasbourg, 365-368, L984.
relatively high-resolution remote sensing plat- Johannessen, J. A., 0. N. Johannessen, E. Svend-
forms that are affected by cloud cover or sunless sen, R. Shuchman, T. 0. Manley, W. Campbell,
conditions. Forthcoming SAR poear orbiting E. Josberger, S. Sandven, J.-C. Gascard,
satellites, such as the European Space Agency's T. Olauseen, K. Davidson, and J. Van Leer,
European Remote Sensing Satellite (ERS 1), Mososcale eddies in the Fram Strait marginal
however, will be able to provide this type of ice sone during the 1983 and L984 MarginaL Ice
coverage of the polar oceans and marginal ice Zone Experiments, J. Geophys. Res., this
zones, and we hope that this future data set will issue.
allow us to achieve a better understanding of the Jordan, A. L., The Seasat: A synthetic aperture
complex mesoscale interactions of the air, ice, radar system, IEEE J. Oceanic Eng., OE-5, 154-
and ocean existing at the ice edge and well 164, 1980.
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I
A DIGITAL TECHNIQUE TO ESTIMATE POLYNTA CHARACTERISTICS

SFROM SYNTHETIC APERTURE RADAR SEA ICE DATA

SJames D. Lyden and Robert A. Shuchnan

Radar Science Laboratory
Advanced Concepts Division

Environmental Research Institute of Michigan (ERIM)Ann Arbor, MI 48107

ABSTRACT appropriate threshold was selected to
produce a binary image consisting of open

Synoptic characterization of polynyas water (1's) and ice (O's). The
or open water leads in the polar pack is autocorrelation function of this binary
important for several reasons. Leads image was generated using Fourier
play an important role in the energy transforms, and its contour plot was
balance of the Arctic. The size, generated and interpreted for the lead
orientation, and concentration of leads parameters of interest.
also determine the navigability of an
area. In addition, sequential monitoring The average size of the leads was
of leads provides an estimate of ice estimated from the contour plot by noting
dynamics. Synthetic aperture radar (SAR) the position where the fall-off of the
with its synoptic, all w.ather day or autocorrelation tapers. The
S sight imaging capabilities offers great autocorrelation function was normalized
potential in providing this information, by the number of pixels therefore the 0
eThe purpose of our study was to develop a pixel lag or peak of the autocorrelation

technique to extract information on lead function corresponds to the concentration
characteristics from digital SAR data of of open water in the image. The number
sea ice. of leads is obtained by dividing the

total number of open water pixels by the
The lead parameters of most interest average lead size. The average

are concentration, average length and orientation of the leads is interpreted
width, orientation, and spatial to be the same as the orientation of the
separation. This information is major axis of the autocorrelation
contained in the autocorrelation function function. Limited information is
of a binary image representing leads and available on the relative location of the
ice only. The procedures we followed in leads from the location of the second-
generating and analyzing this order peaks of the autocorrelation
autocorrelation function are described function.
below.

The results from applying this
The data we used in our study were technique to the STAR-I ice image are

collected in the Beaufort Sea by the encouraging. The lead information
digital X-band (3.2 cm wavelength) STAR-1 extracted from the autocorrelation
SAl system in the fall of 1984. The function agrees well with actual
STR-1 system collected data over a 25 km measurements of the lead characteristics
vwide swath with a resolution of 6 m in in the original imagery. One realization
both azimuth and slant range. A 6 x 6 km of the lead locations was generated from
muge subset was selected for our the autocorrelation-derived measures and
analysis. and consisted primarily of agreed well with the original imagery.
scond-year floes with several open water These results indicate that the lead
leads. The open water leads are imaged characteristics of a scene can be
n dark or no return areas. This image adequately characterized by a limited set
mu smoothed using a median filter to. of parameters.
reduce speckle-related noise and an

Avowftp of GARSS VSyrrostwn. Ann Abor. 191Ma•y 1987
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PROGRESS ON DIGITAL ALGORITHMS FOR DERIVING

SEA ICE PARAMETERS FROM SAR DATA

R.A. Shuchman, B.A. Burns, C.C. Wackerman,
R.G. Onstott, and J.D. Lyden

Radar Science Laboratory
Advanced Concepts Division

Environmental Research Institute of Michigan
Ann Arbor, MI 48107I

Over the past several years research make use of the phase as well as ihe
on SAR sea ice imagery has focused on intensity information contained in the
determing whether information on ice SAR signal, allowing, for example, ice
field parameters, including ice type, ice floe motion to be derived on the basis of
concentration, density and sizes of the Doppler shift imparted to the
leads, and floe size distribution, could returned signal.
be obtained from the SAR data. This
research has shown promising results and The progress made to date on
produced an extensive SAR signature data development of digital SAR sea ice
base as well as rudimentary algorithms algorithms is usumarized in Table 2.
for obtaining these parameters. With the Here we consider four stages in algorithm
advent of operational SAR satellite development: ). understanding of the

systems, it becomes even more important physical basis for deriving the sea ice
to develop this capability to monitor ice parameter; 2) translation of that
conditions in the Arctic in support of understanding into a mathematical model;
navigation, exploitation, and clims- 3) implementation of the mathematical
tology. Therefore the focus of the SAR model into a computer algorithm; and 4)
research has now shifted to the develop- validation of the algorithm.
sent of efficient automatic and almost
real-time algorithms. In this paper we The physical basis for deriving most
present an overview of the progress made of the sea ice parameters from SAR data
in the development of these algorithms, is the large contrast between radar cross
in sections of ice and open water (2,3].

The approaches taken to construct This characteristic alone is a sufficient
algorithms for deriving the various sea basis for lead and floe size distribution
ice parameters are summarized in Table I. and total ice concentration algorithms in
The two key elements in these approaches most imaging situations (1,4,51. For ice
are image segmentation and statistical type discrimination and fractional
analysis in either the image or Fourier concentration algorithmr , additional

domain. For example, an algorithm information is required. Local image
developed to derive lead statistics texture and the statistics of SARIBegments the image based on the intensity, which have been shown to be

difference in intensity between ice and useful in discriminating floes of
open water, and then uses characteristics different ice types and degrees of

of the autocorrelation of the segmented deformation (6,7), have been exploited
image to obtain lead dimensions, spacing for these algorithms. Both ice/water
and density (1). As indicated in Table contrast and texture within floes are
1, algorithms for ice type, ice used as the basis for ice kinematics
concentration, and lead statistics are algorithms involving manual
using primarily fully digital approaches, interpretation [4), but to date the
whereas ice kinematics and floe size digital algorithms make use of the
distribution algorithms at present still textural characteristics of the entire
rely heavily on a combination of manual scene such as linear features and
interpretation, to arrive at the persistent patterns (8,91. In the case
"egmented image, and computer analysis of of deriving ridge statistics, we do not
the manually derived image data. Fully as yet completely understand the physical
digital approaches for these two sea ice mechanism for SAR imaging of ridges
I rameters are being pursued in parallel, making it difficult to generalize ridge
Algorithms have yet to be developed for signatures in a way that could be
determination of ridge statistics or ice quantified. Ice thickness is the extreme
thickness from SAR data. Of the possible case where it is not known if SAR can
approaches listed in Table 1, many would provide this information.

Piumv ot #GARSS 'TSyvnpsamm AnnAtb. 1841 May 1907
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A major step in algorithm development mathematical model must still be I

is the transition from the physical basis determined that will quantify boundary
to a mathematical model and its information efficiently. Pattern recog-
implementation in a digital algorithm. nition type techniques are being
At this step it is to some extent investigated for this purpose and for ice
necessary to quantify the methodology of kinematics algorithms since shape and
a human interpreter in such a way that context information are so important in
the method can be implemented within a manual interpretation of SAR imagery.
computer architecture. For ice/water and These manipulations may be facilitated byice type discrimination, the mathematical the use of parallel-processor computermodel consists of a hierarchy of frameworks such as that of the ERIM cyto-
intensity and texture measures associated computer (12].
with the various scene components. These
descriptive measures are generated from Algorithm validation, i.e. comparison I
the SAR and scatterometer signature data with independent measures of the sea ice
bases and account for both natural parameter of interest, has been carried
variations in ice surface conditions and out for the ice type, ice concentration,
speckle-related variations. An algorithm and lead distribution algorithms only.
is then implemented that compares local The ice type and lead distribution
image statistics to these measures. At algorithms have been exercised on single
this stage segmented images can be SAR scenes for which ice surface
obtained (i.e. ice type or ice observations were available. The ice
concentration maps) (10,11). Subsequent concentration has been the mostprocessing is needed for floe size and extensively validated by comparing
lead statistics. Fourier transform concentration estimates to those derived
techniques, specifically the from near-simultaneous passive microwavecharacteristics of the autocorrelation data and aerial photography (131, butfunction, have been found useful for under summer KIZ conditions only. Lack
obtaining lead orientation and density of SAR imagery with sufficient spatial
information, but less useful for floe and seasonal coverage is at present a
size. For floe size determination, a limiting factor in validation efforts.

I
Table 1. SAR Sea Ice Algoritba Approaches

Sea Ice Current Possible I
Parameter Algorithm Approaches Algorithm Approaches

Ice Type Image Segmentation Multivariate
-pixel intensity Complex Data
-neighborhood texture

Ice Concentration Image Segmentation Combination with
Statistical Analysis Passive Data I
Fourier Analysis

Lead Distribution Image Segmentation Complex Data
+ Autocorrelation I

Ice Kinematics Manual Interpretation Single and Multiple
+ Computer-generated Frame Doppler

vector fields Analysis IPattern Recognition
+ Autocorrelation

Floe Size Manual Analysis Pattern Recognition
Distribution + Computer-generated

aatistics

Ridge Statistics Edge Detection

Ice Thickness ?

I
I
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Table 2. Progress on Digital SAR Sea Ice Algorithms

Sea Ice Physical Basis Mathematical Algorithm Algorithm

Parameter Understood Model Implemented Validated

Ice Type yes yes yes limited

Ice Concentration yes yes yes summer only

Lead Distribution yes yes yes limited

Ice Kinematics yes under under no
development development

Floe Size yes no no no
Distribution

Ridge Statistics no no no no

Ice Thickness no no no no
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Variations of Mesoscale and Large-Scale Sea Ice Morphology in the 1984
Marginal Ice Zone Experiment as Observed by Microwave Remote Sensing

W. J. CAMPBELL.' P. GLOERSEN, 2 E. G. JOSBERGER,' 0. M. JOHANNESSEN, 3 P. S. GUEST,4 N. MOGNARD,5

R. SHUCHMAN, 6 B. A. BURNS, 6 N. LANNELONGUE, 5 AND K. L. DAVIDSON4

Dunng the summer 1984 Marginal Ice Zone Experiment in the Fram Strait and Greenland Sea
tMIZEX "84). passive and active microwave sensors on five aircraft and the Nimbus 7 scanning multi-
channel microwave radiometer (SMMR) acquired synoptic sequential observations which when com-
bined give a comprehensive sequential description of the mesoscale and large-scale ice morphology
variations during the period June 9 through July 16, 1984. The high-resolution ice concentration distri-
butions in these images agree well with the low-resolution SMMR distributions. For diffuse ice edges the
30% SMMR ice concentration isopleth corresponds to the ice edge, while for compact conditions the ice
edge falls within the 40 to 50% SMMR isopleths. Throughout the experiment, ice edge meanders and
eddies repeatedly formed, moved, and disappeared, but the ice edge remained within a 100-km-wide
zone. The ice pack behind this alternately diffuse and compact edge underwent rapid and pronounced
variations in ice concentration over a 200-km-wide zone. The aircraft microwave images show the
complex structures and ephemeral nature of the mesoscale sea ice morphology. The difference in oceano-
graphic forcing between the eastern and western sectors of the experiment area generated pronounced ice
morphology differences. On the Yermak Plateau, from 3°E to l0'E, the weak ocean circulation allowed
the wind to be the dominant force in determining the ice morphology. To the southwest of this region.

over the Molloy Deep and the Greenland continental shelf break, from 3YE to 8°W. the ice morphologyfl was dominated by the energetic East Greenland Current with its associated eddies and meanders.

1. INTRODUCTION Bering Sea Experiment (BESEX) in winter-spring 1974 [Kon-
The Marginal Ice Zone Experiment (MIZEX) field pro- draivev et al., 1975; Gloersen et al., 1982), in the southern

grams in the East Greenland Sea (MIZEX East) and Bering Beaufort Sea in winter 1975 [Campbell et al., 1976] and
Sea (MIZEX West) studied the air-sea ice-ocean interactions winter-spring 1978 [Campbell et al., 1980], and in the east
occurring in these regions that strongly influence local and Greenland Sea during the Norwegian Remote Sensing Experi-
hemispheric weather and climate [Johannessen er al., 1983). A ment (NORSEX) in winter 1979 CNORSEX Group. 1983].
key aspect of these MIZ studies has been the use of satellite However, the MIZEX '84 remote sensing program differed
and aircraft remote sensing to observe the morphology of the from these preceding experiments in one fundamental and im-
MIZ and its temporal and spatial variations along with simu- portant aspect: the aircraft and satellite data were used in a
laneous meteorological and oceanographic observations. Be- near-real time mode to direct investigators in ships and air-
cause MIZ locations are in the dark about half the year and craft to rapidly evolving ice-ocean phenomena, especially
usually cloudy when not, the MIZEX plans put special em- eddies.
phasis on passive and active microwave remote sensing. The most comprehensive MIZ aircraft program performed

The sole satellite microwave sensor operating during the to date took place during MIZEX '84 in the Fram Strait-east
MIZEX experiments has been the scanning multichannel Greenland Sea area during the period June 9 through July 16,
microwave radiometer (SMMR) on Nimbus 7, and it has pro- 1984. Five microwave remote sensing aircraft performed
vided essential large-scale ice observations. Remote-sensing sequential mesoscale mapping with a variety of passive and
aircraft obtained detailed microwave observations of the active microwave sensors. The NASA CV-990 airborne lab-
MIZEX mesoscale areas (- 100 km x 100 kin) in which com- oratory had 19- and 92-GHz imagers, a 6-channel radiometer
prehensive dielectric, meteorological, and ocean observations operating at three wavelengths from 0.8 to 1.7 cm with both
took place [Cavalieri et al., 1986. Shuchman et al., 1987]. The horizontal and vertical polarizations except without horizon-
design of the MIZEX mesoscale microwave aircraft programs tal polarization for 1.4 cm, and a metric aerial camera. The
was based on instrumental and logistical techniques used in Canadian Center of Remote Sensing (CCRS) CV-580 had the
earlier MIZ remote sensing studies: the joint U.S./USSR Environmental Research Institute of Michigan (ERIM) digital

X and L band synthetic aperture radar (SAR). The Institut
Geographique National B-17 used the digital X band side-
looking airborne radar (SLAR) of the Centre National

'U.S. Geological Survey, University of Pullet Sound, Tacoma, d'Etudes Spatiales (CNES). The U.S. Navy Naval ResearchWashington.La oaoy NR P3fe a 0 G zi a e an ot rrd -2NASA Goddard Space Flight Center, Greenbelt, Maryland. Laboratory (NRL) P-3 flew a 90-0Hz imager and other radi-
3 Nansen Ocean and Remote Sensing Center, Bergen, Norway. ometers, and the National Oceanographic and Atmospheric
' Department of Meteorology, Naval Postgraduate School, Mon- Administration (NOAA) P-3 had an X band SLAR and gust

terey a California. probes. These aircraft flew joint and individual missions over
Centre National d'EtRdes SpatIalest Toulofse, France. the mesoscale MIZEX array of ships, and all flights wereEnvironmenltal Research Institute of Michigan. Ann Arbor. made with simultaneous or near-simultaneous (within I day)

Copyright 1987 by the American Geophysical Union. radiometric measurements from the Nimbus 7 SMMR andPaper number 7C0282. surface-based sensors.
0148-02271,87/007C-0282S05.00 The active and passive microwave data acquired by the
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ICE CONCENTRATIONS FROM SMMR

8-17 '"-CV 590•

i ,"(9 JULY)

I
47 JULY

71

I __ ___,__ __ _ __ _

34 JULY 16 JULY

10,W 1 0E f 9- 7 1 70h lo e,10

I Fag. 2. Ice concentrations during MIZEX '34 derived from Nimbus 7 SMM4R radiances July 4-16, 1984. Boxes

indicate the location of the mnesoscale microwave observations made from each remote sening aircraf. The shadedara
i indicate parts of Svalbard (east) and Greenland (west).

NASA CV-990. the Canadian CV-580, and the French B- 17 region, and this information not only aided in the initial site
provide a comprehensive synoptic sequential description of selection and buoy deployment of MIZEX "84 but also was
the mesoscale sea ice morphology of the Fram Strait MIZ and used in directing the microwave aircraft flights through the 38

I9

its variations throughout a melt season. This summer MIZ days of flight operations. During the experiment, the SMMR
had complex and ephemeral ice structures, with pronouned was on for every even Julian day and imaged the entire sea moe

I variations in ice concentration, floe size distribution, and ice cover between Greenland and Svalbard (west Spitzhergen) ex-I edge shape and position. This paper presents an analysis of tending from the sea ice edg~e to 85°N.
the data acquired with these three aircraft and from the These data, processed using the SMMR Team sea ice algo-
SMMR to describe the varying large-scale and mesoscale ice rithm (Cavalieri et al.. 1984] including a weather filter (Gloer-
morphology and then discusses aspects of the atmospheric sen and Cavahieri, 1986], yielded sea ice concentration mapsU and ocean forcing involved in determining their temporal and covering the period June 8 to July 16, 1984 (Figures 1 and 2).
spatial variations. Multifrequency observations for cold ice give ice con-

i centrations with accuracies of 3--5% [Cavaieri et ai., 1984;
2. SMMR SEA Ict DI151RIUflTOlS Swgif and Cavalieri. 1985; Swwd~smn et at., 1983]. These 14I The Nimbus 7 SMMR provided near-real time ice observa- maps show the largle-scale ice concentration distribution for

tions for an area much larger than the actual experiment every day that one or more of the three aircraft performed aI
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Fig. 3. Mesoscale maps of sa ice morpology derived from radar observations made by the ERIM SAl oboard f I
Canadian CV-580 and the CNES SLAR onboard the French 1-17: (a) Jiun 29 by the CV-50. (b) Jins 30 by the CV-SK.
(c) June 30 by ths 3-17. and (d) July 5 by the CVS-S. The ice concentration and median Ao si for the lend are as
follows: 1. larp individual floes; 2. ice-fr ocean and polynyas; 3. concentration or.< 20%; 4, concentration of 20 to 45%,
median floe size of 125 m. 5, concentration of 45 to 70%. median fim size of I km; 6. concentratiom of 70 to 90%, median
floe size of 100 m: 7, concentration of 80 to 100%. median floe size of I kmn.

mapping mission. The area mapped during each flight is The SMMR ice concentrations maps (Figums I and 2) give
shown in each SMMR ice concentration map, with the name both the ice extent and the ice concentration, with con-

of each aircraft. Of the 18 mesoscae maps acquired by the centration isopleths for 20, 30, S0, 70, and 90%. Thes con-

aircraft, six were acquired on odd days (June 9 and 29; July 5, tours were drawn from the direct output of the SMMR ice m
7, 9, and II). In this aeme the area mapped is shown in the algorithm which produces grid print maps on 4% ice con-

SMMR map for the preceding or following day with the ob- centration intervals, a technique also used to analyze SMMR

servation date in parentheses under the aircraft name. data of the same area acquired during summer 1983 [Gloerwn I
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I Fig. 4. Mesoscalc maps of sea ice morphology derived from radar observations made by the ERIM SAR onboard the
Canadian CV-580 and the CNES SLAR onboard the French 3-17: (a) July 6 by the 3-17, (b) July 6 by the CV-580, (ca July

I "7 by the CV-580. and td) July 9 by the CV-SSO. The ice concentration and median floe size for the legend are as follows: I,
large individual floes; 2. ice-free ocean and polynyas; 3. concentration of <20%; 4. concentration of 20 to 45%/,. median
floe size of 125 m; S. concentration of 45 to 70%,. median floe size of 1 kin; 6. concentration of 70 to 90%. median floe size
of 100 m; 7, concentration of SO to 100%. median floe size of 1 km.

I and Campbell, 1984). in these maps, many areas have nearly pleth coincides best with the actual ice edge position deter.

coincident or coincident 20 and 30% ice concentration iso- mined by high-resolution images obtained by aircraft and oh-
I pleths; this situation occurs frequently with compact ice edges. servations from ships. This question, of course, has nothing toI A key question asked by those unfamiliar with interpreting do with ice algorithm accuracy, but rather is concerned with

SMMR ice concentration maps is what ice concentration iso- the convolution of the large SMMR footprint with the smallI

:vo + ! 0 _+ 79iI
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Fig. 5. Mesoscale maps of asa ice morphology derivd from radar observations made by the CNES SLAR ouboerd

follows: 1. large individual floes; Z ice ftee-ocean and polynyas; 3. concentration of < 2D%; 4, concentration of 20 to 45%.
median floe size of 125 m; 5. concen tration of 45 to 70 percen t. median floe size of I kin; 6. concentration of 70 to 90%.
median floe size or 100 mn;7. concentration of 80 to 100%, median floe uineof I kin.3

scale of the ice edge as determined by the aircraft and surface microwave imager (electrically scanning microwave radiome-
observations, tar, or ESMR) is approximately 0.5 km and that of the ERIM

The spatial resolution of the SMMR is approximately 30 and CNES radars is about 10 m. The SMMR observations.3
km (Cavalier! et al., 1984], while that of the aircraft passive which give ice concentrations averaged over a footprint, make
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Plate I. Mesoscale microwave radiometric amp made from data obtained with the electrically annaing macrowave

radiometer (ESMR) on board the NASA CV-990 airborne laboratory for June 9 and 30. 1984. (The color version and a
complete description of this figure can be found in the separate color section in thi issue.)

the ice edge appear more diffuse than it actually is. A further high-resolution aircraft observations and ship observations ac-
spreading results from the gridding of the data onto J° by ?* quired during NORSEX (Spendsen et al, 1983] showed that in
maps. For example, consider a consolidated ice pack in which the Greenland Sea for the fall--winter period the actual ice
- 100% concentration ice extends dose to the edge, say, to edge position correlated best with the 50%/ SMMR ice con-
within several kilometers. In this case the SMMR map would centration isopleth. These results used the NORSEX algo-
show an apparently diffuse edge with an ice concentration rithm (Sendsen et al., 1983] which yields sea ice con-
going from 0 to - 100% over a distance of at least 30 km. centration determination accuracies in the same range as does
Therefore the SMMR ice concentration maps shown in Fig- the SMMR Team algorithm [Cavalfrfi et a., 1984]. During
ures 1, 2, 7, and 8 and the SMMR transect data shown in MIZEX '84, a summer experiment, both compact and diffuse
Figures 9 and 10 give concentration gradients near the ice ice edges were observed by high-resolution aircraft microwave
edge that are considerably less than the observed. Also. the sensors, shown in Figures 3-5 and Plates I and 2. (Plates I
actual ice edge lies not along the 20% SMMR isopleth but and 2 are shown here in black and white. The color versions
somewhere along a higher concentration isopleth. The can be found in the separate color section in this issue.) These
question is, which isopleth? ice edge positions and ones obtained visually from the aircraft

A comparison of SMMR-derived ice concentrations with indicate that for diffuse ice edges the 30% SMMR isoplethI



6812 CAMPBELL ET AL.: REMoTE SENSING OF SEA ICE MORPHOLOGY

50E I0E 00 50E 10¶ 8rN 0 50E

82N 830N 
K % CONC

'lil 2 S li
- 100

215

80N0 N 165150

78N, 115

12 JUNE 1984 18 JUNE 1984 78N26 JUNE 198415

50E IE 82ON 0 5E
K %CONC.

82 ~MICROWAVE

RADIOMETRIC

"151-0 MAPS 3
215 1.55cm

S-0 WAVELENGTH

790 N 79°N-i

22JUNE 1984 24JUNE 1984 it

Plate 2. Mesoscale microwave radiometric maps made from data obtained with the ESMR on board the NASA
CV-990 airborne laboratory for June 12, 18, 22, 24, and 26, 1984. (The color version and a complete description of this
figure can be found in the separate colo0 section in this issue.)

closely approximates the observed edge positions, whereas maps: the size and minimum ice concentration of this polynya
compact ice edge positions correlate best within the 40-50% varied greatly, especially during July. Because the SMMR
SMMR isopleths. This finding is discussed in detail later in footprint is the same size as the typical ice-ocean eddies ob-
this paper. served in the Fram Strait region (NORSEX Group. 1983;

The problem of the limited SMMR spatial resolution and Shuchman et aL. 1987; Johannessen et aL, this issue], these
large ice concentration gradients also applies within the ice eddies are not resolvable in the SMMR maps. However.

pack. None of the polynyas which appear in the high- throughout MIZEX '84, meanders several footprints in size
resolution aircraft mesoscale maps (Figures 3-5 and Plates appear, disappear, and then reappear. Some of these mean- i

1-2) appear in the SMMR maps because they are of a size not ders. such as the one on June 26 at 79'30'N and YE. will be
resolvable by SMMR. However, the occurrence of many poly- shown to have been associated with eddies.
nyas within a SMMR footprint will reduce the SMMR ice The picture of the behavior of this summer MIZ thatE

concentration of that SMMR pixel. The only polynya that emerges from the SMMR maps is one of a long (-800 kin) ice
appears in the SMMR maps is the very large one off northeast edge upon which meanders repeatedly formed, moved, and
Greenland. disappeared, with all of this activity taking place in a 50- to fm

The SMMR ice concentration maps amply illustrate the i00-km-wide band. Behind this edge the ice pack rapidly and
fact that the sea ice cover of the east Greenland Sea under- frequently compacted and expanded throughout a 200-km-
went pronounced rapid large-scale and mesoscale variations, wide zone.
These variations occurred not only in the MIZ but also over I
the entire inner ice pack. For example, from July 10 to 16 the 3. MESOSCALE ICE MORPHOLOGY BY

entire north-central sector changed from >90% ice con- PASSIVE MICROWAVE

centration to between 70% and 90%. The reduced ice con- During the period June 9-30, the NASA CV-990 airborne
centrations associated with a well-known polynya that occurs laboratory mapped the MIZEX '84 experiment area seven

each summer off northeast Greenland appear in all SMMR times. A list of the aircraft instrumentation is given in Table 1.

I
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TABLE 1. NASA CV-990 Instrumentation about 225-235 K, typical of multiyear ice below the freezing
point at this time of the year. Thus the 100% concentrationIPassive View Beam Reso- mark is set at this value, and all radiances above 235 K are

Microwave Frequency. Angle. Polari- Width. lution,
Instrument GHz deg zation deg altitude also interpreted as 100% ice cover, because radiances of fully

compact mixtures of first-year and multiyear ice can range
Electrically 19.35 50 L to H 2.8 1/20 from about 225 to 270 K. The open water point of 125-135 K

scanned 50 R is used for the 0% ice concentration point on both scales. The
microwave 10 K steps on the two ESMR color scales were chosen to beradiometer

Aircraft 18.0 45 (right of H/V 6 1/7 consistent with the rms noise of the instrument (about 6 K).
multichannel nadir) The value of the bottom of the scales was chosen to be 10 K
microwave 21.0 45 (right of V 6 1/7 less than the minimum radiances observed over the oceans.
radiometer nadir) The top value of the scales was chosen to be 10 K more thanI37.0 45 (right of H/V 6 1/7

nadir) the maximum radiances observed over the sea ice.
Aircraft 21.0 22 (right of ... 6 ... The ice concentration scale for the melt (wet) cases is shown

uplooker 37.0 zenith in Plate 2 to the right of the July 22 and 24 images, which
22 (right of were days on which all the ice was wet. The scale for frozen

zenith)
Advanced 92.0 45 L to mixed 2 1/30 (dry) cases is shown in Plate I to the right of the June 9 and

microwave 45 R 30 images, which were days on which all the ice was frozen
moisture (dry). The situation for June 12, 18, and 26 is more complex

than the above because on these days the mesoscale areas had
Instrument Description both clear and cloudy regions, with low-level stratus and strat-

Radar altimeter 13.7-GHz Rutherford Appelton ocumulus, and therefore wet and dry surface conditions. Thus
Infrared radiometer PRT-5 10.7-Arm nadir viewing on these days both the ice concentration scales shown in Plate
Cartographic camera (1) KS-87B 5-inch format nadir viewing 2 apply. On June 12 a stratocumulus layer covered the area in(2) KS-87B 5-inch format 450 right of the center of the image, and the surface of the ice under itnadir viewing melted, which accounts for the center band - 270 K radiances

in this imge. On June 18, stratocumulus clouds covered the
area north of 81.5°N latitude, again causing melt and - 270 K

and the electrically scanning microwave radiometer, operating radiances, while the area to the south was cloud-free with a

at a frequency of 19.35 GHz (1.55 cm), produced the images dry ice surface. On June 28, a stratus layer covered the area
shown in Plates 1 and 2. All seven mapping missions were north of 80.5°N latitude, where once again the high radiances
flown at about 9550 m, which gives a resolution of about 0.5 of wet ice appear in the mesoscale image.
km. Each image is presented with a color scale (to the right of Gloersen et al. [1974] and Zwally and Gloersen [1977) esti-
the image) that relates the microwave radiances to the ice mated that the accurcy of ice concentration frorr ESMR radi-
concentration. Note that the scales vary, because during the ances without a priori knowledge of surface temperatures, ice
observational period the ice surface went through alternating types, and atmospheric conditions is + 15%. With such
freeze-thaw periods, and the microwave emissivities of sea ice knowledge, the end points of the linear interpolation are more
responded accordingly. Therefore, different radiance-ice con- precise, and therefore the accuracy of the concentration deter-
centration relationships apply depending on the wet or dry mination is set by the radiance interval used in the color scale.
surface conditions at the time of each flight. Since the ESMR In the present case, such a priori knowledge was available
scans cross-track and takes data at varying incidence angles, from numerous observations from ships and helicopters. This
the calibration of each beam position yields approximately means that the accuracy for estimates using the scale for dry
nadir values of the radiances, to avoid limb darkening in the conditions is about 10%, corresponding to the 10 color steps
images. The calibration consisted of a two-point linear carl- between the end points of the dry ice scale, while that for wet
bration of each beam position, using model values for the conditions is about 6%. corresponding to the 16 color steps
radiances of consolidated sea ice near the melt point and calm between the end points of the wet ice scale.
open water with clear skies. The data taken at the ends of the The ice concentration distributions given in the passive
flight lines, during aircraft turns, must be ignored because the microwave maps (Plates I and 2) and those given in the
view angle of the ESMR was canted 300-400 left or right of SMMR maps (Figures 1 and 2) closely agree. Figure 9, which
nadir. will be discussed later, shows temporal variation of the 50%

The two different concentration scales in Plates I and 2 SMMR ice concentration isopleth along 6°E and the ice edge
correspond to (1) the situation where the ice is at the melting location from aircraft observations. The aircraft ice edge is
point over the entire MIZEX '84 area and (2) that where the consistently 10 to 20 km north of the SMMR edge, well within
ice surface temperatures are completely or partially below the the scale of the SMMR footprint (30 kin).
freezing point. The melt (wet) ice case is the most straightfor- Two aspects of the mesoscale MIZ morphology are unam-
ward for deducing ice concentrations, since both first-year biguously revealed in these mosaics, the distribution of poly-
and multiyear ice have about the same microwave signature nyas and the complex ice structures near the ice edge, es-
(-270 K). at the melt point. Thus 100% ice concentration is pecially those associated with ice-ocean eddies (Plates 1 and

set at this value for June 22 and 24, when the MIZEX '84 area 2). Many large floes are clearly resolved in each image where
was cloud-covered and the entire ice surface wet. On June 9, they were surrounded by zones of reduced ice concentration
12, 18, 26, and 30, for the frozen or partially frozen case, there and/or differing ice type. For example, note the large ( - 1S
are areas with fully consolidated ice where the radiance is km) floe centered at 81°I0'N, 8°50'E in the June 12 ESMRI
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Fig. 6. Mesoscale photomosaic obtained with a KS-87 metric camera on board the NASA CV-990 airborne laboratory
on June 30, 1984. I

image (Plate 2) which has a signature of - 265 K while the ice The ensemble of aircraft data obtained on June 30 over the
around it has a signature of - 225 K. same MIZ area provides .an excellent base to compare the ice

concentration estimates derived from passive and active
4. MESOSCALE ICE MORPHOLOGY BY images with metric camera photography. This was the key day

ACTIVE MICROWAVE of the remote sensing program. with the CV-990. CV-580. and

The high-resolution capability of radar makes it the ideal B-17 aircraft flying on this cloud-free day at the same time
sensor to observe sea ice morphology and motion under all over the same area of the MIZ containing mesoscale ice-ocean
meteorological and lighting conditions. Radar observations eddies. The map for June 30 in Figure 1 shows the mesoscale
can accurately determine floe size distributions, and repetitive areas flown by each aircraft. The ESMR image (Plate I) and U
mapping of a given area can be used to obtain the detailed ice photomosaic lFigure 6) obtained by the CV-990 overlaps
kinematic and deformation fields needed for ice forecasting 100W, of the B-17 SLAR image IFigure 3c) and 75',, of the
and model studies. Therefore repetitive radar observations of CV-580 SAR image (Figure 3h).
the MIZEX '84 area were a key part of the remote sensing Experience gained during AIDJEX (Campbell et al.. 1978:
program, and II mesoscale maps derived from radar observa- Gloersen et al., 1978) shows that great care must be taken in
tions were obtained during the period June 29. to July 16 with comparing active and passive microwave images and photo- f
the ERIM digital X and L band SAR flown on the CCRS graphs of sea ice. The problem is that new ice (nilas. pancakes)
CV-580 and the CNES VARAN-S digital X band SLAR (Fig- which forms in leads and polynyas has a radiometric signature
ures 3. 4, and 5). quite distinct from that of open water in the 19- to 37-GHz

An important aspect of the remote sensing program in passive microwave range. while in radar images and nadir-
MIZEX has been to discover if sea ice concentration can accu- pointing photographs a distinction between open water and
rately be measured with radar. The dynamic range and resolu- new ice forms is frequently impossible. Therefore dunng the
tions of radars used in earlier mesoscale mapping experiments June 30 aircraft overflights, emphasis was placed on lead and
in the Beaufort Sea during the Arctic Joint Dynamics Experi- polynya observations, Of the three aircraft, the B-17 flew at
ment (AIDJEX) in 1975 1976 [Campbell et al.. 1978: Leberl et the lowest altitude (2400 m). and during each of the six paral-
al.. 1979] and the Bering Sea Experiment in 1974 [Ramseier et lel flight lines, oblique visual and photographic observations
al.. 1982] were insufficient to permit ice concentration esti- were made in the direction of the sun, The sharp glint from 5
mates. The improved radars used in MIZEX '84 permit such ice-free leads, usually covered with capillary and small gravity
estimates [Burns et al,. 1986] waves, is quite distinct from the flat glare of those with new I
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pack (50%/50 kmi). The SMMR map for June 28 also shows a 5. WIND STRES5

high concentration gradient of 50%,50 km in the area of the
radar map. The observed MIZ ice morphology results from the com-

A very different ice morphology occurred just south of this bined effects of atmospheric and oceanographic forcing, and of
area on June 30 and was observed by all three aircraft. The these two, daily synoptic information is available only for the
SMMR map (1- igure 1) shows the overlap of the aircraft maps atmospheric forcing. Figures 7 and 8 give the wind stress fields
(Figure 3) and that they were made over an area of low ice for the day on which each aircraft microwave map was ob-
concentrations (30-50%). All three maps show many large tained. The wind stress maps were made using direct stress
polynyas in a pack with many large floes, as if a compact pack measurements from the various ships, when available, or com-
had rapidly diverged. The radar ice concentration gradients puted wind stress from wind observations, and finally, where
averaged over SMMR footprint (30 kin) scales compare well there were no observations, the large-scale pressure maps
with the SMMR ones. Note that in the overlapping passive [Lindsay, 1985].
(ESMR) and active (SAR. SLAR) microwave maps there is a The direct wind stress measurements were made from bow
S10% agreement between ice concentration estimates in the masts on the Polar Queen and Hakon Mosby and were made
areas of high and low concentration, and in areas of inter- using the dissipation method of Shacher et al. [1981]. Also.
mediate concentrations the agreement is of the order of 20%. profile and eddy correlation measurements from towers on ice
The CV-990 (Plate 1) and B-17 (Figure 3c) images clearly floes adjacent to the Polar Queen yielded stress values. When
show the complex structure of a long (- 70 km) plume of ice direct stess measurements were unavailable, the bulk method
associated with an eddy located at 79C15'N, 2-30'E in the estimated the stress using the drag coefficient and the 10-m
vicinity of the Molloy Deep [Johannessen et al., this issue]. wind. Wind measurements, when available, from Polarstern,

In the mesoscale map of July 5 (Figure 3d), ice-ocean eddy Kvitbjorn, Valdivia, and Lynch gave additional stress infor-
plume structures of low concentration (- 20%) were adjacent mation using the bulk technique.
to the main ice pack with many large floes and an ice con- The value of the drag coefficient C, over areas with sea ice
centration of 80- 90%, which agrees with the SMMR con- was determined from the SMMR ice concentration maps
centrations in that area on July 6. The eddy shown in the using the technique of Guest and Davidson [this issue], which
center of the July 5 image also appears in the advanced very relates CD to ice morphology. In open ocean regions. the value
high resolution radiometer (AVHRR) images of July 4 (Plate of C, during neutral stability was set to 2.0 x 10-3. which
3) and is labeled "I". (Plate 3 is shown here in black and was the average obtained from the Hakon Mosby stress
white. The color version can be found in the separate color measurements. During unstable conditions, C, was adjusted

section in this issue.) Just north of this area on the following for stability using the method of Large and Pond [1981].
day a similar morphology existed I Figure 4a), but the ice Where no stress or wind observation existed, the stress was
plume and band zone associated with eddies was much wider calculated from the gradient wind. These calculations used the
(-80 kin). The radar map of July 7 (Figure 4c), obtained in surface weather maps prepared by the National Meteorologi-
essentially the same area as that of July 5, shows a very differ- cai Center contained in the work of Lindsay [1985]. Maps
ent MIZ structure than that of 2 days earlier. The MIZ prepared specially for the MIZEX region using all available
became compact, and the main pack with high ice con- data, including satellite information (Picard. unpublished data,
centrations (80-90%) was close to the edge. Long bands of 1984), were used during the peridos June 18-24 and July 4-6.
compact ice with high concentrations of 80-90% made up of The ratio of the friction velocity, from ship surface measure-
small floes (8-500 m) appeared along the ice edge, and the ments, and the gradient wind, u /G, as well as the turning
zone of low-concentration ice between the edge and main angle z between G and U,,, were calculated at the ship lo-

pack was narrow (- 10 kin). This high ice concentration gradi- cations. The magnitude and direction of the wind stress was
ent agrees well with the SMMR for July 8. then determined at locations away from the ships using the

By July 9 (Figure 4d) in the area just north of the July 7 u./G and 2 relationships from the nearest ship. If the stability
mesoscale map area, the ice edge became more diffuse, with or surface roughness changed significantly away from the
low-concentration bands and streamers extending -50 km ships, then u,/G and x were altered according to the model
from the main pack. From this date until the last microwave results from Overland [1985] over ice regions or from Brown
mapping mission of July 16, a pronounced change took place and Liu [1982] for the open ocean. The gradient wind speed
from the earlier mesoscale and large-scale morphologies, was the dominant factor affecting wind stress, while stability
which is clearly shown in the SMMR maps for July 10, 14, and roughness effects were of secondary importance.
and 16 (Figure 2) and B-17 SLAR maps for July 1I, 14, and 16 The wind stress fields, Figures 7 and 8. used the vector-
(Figures 5a, 5b, and 5c). These data show that at the end of averaged wind stress in the period 0000 to 1200 UT on the
MIZEX '84 the ice in the MIZ and the interior pack rapidly day of the aircraft flights. These wind stress maps show large-
opened up and/or melted. The mesoscale maps show large scale (> 20 km) wind stress and do not reflect local variations
areas of diffuse ice associated with eddies and only small in wind stress caused by the mesoscale ice variations as ob-
amounts of high-concentration ice. The SMMR maps show served with ESMR. SAR, or SLAR. The terms light, moderate.
very low concentration gradients in the MIZEX area with or strong winds refer to wind speeds of <5 m s-'. 5-10 m
rapidly decreasing concentrations in the interior pack adjacent s - , and > 10 m s - 1, respectively. The vectors indicate the
to it, which became as low as 50% on July 16. direction and magnitude of the wind stress at the base of the

Section 6 will discuss the ocean current and wind forces that vector. If this value was from a directly measured surface wind5 created these complex and rapidly changing ice morphologies. from a ship, it is indicated by a cross at the vector base.

I
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.I the ice pack. The wind-driven ice transport is seldom purely

3 N on or off ice. it usually contains a strong component along the
\ / ,/ j ice edge. and Shuchman et al. [1987] show from buoy drifts

-- L..L~ that strong shear occurs in the MIZ during strong winds. In17 addition, ice transport normal to the ice edge also tends to
smooth large-scale features. On-ice transport compacts the ice

250 .............. . and produces internal ice stresses that tend to smooth these
large scale protrusions. The off-ice component combines with

200 91o rapid melting as the ice drifts across the polar front into warmI• 0 North Atlantic water to limit the seaward ice drift, and the ice

So50 extent will be influenced by the large-scale upper ocean tem-
perature distribution. Measurements by Josberger (this issue]

1 00 show that in the MIZ the heat transfer from the upper ocean
to the ice can melt 2-m-thick ice in less than 2 days. Hence the

so .warm ocean acts as a barrier that restricts southerly ice trans-
12 16 20 24 28 2 6 10 14

June July port, and the ice edge position will indicate the ocean thermal
Fig. 9. SMMR ice concentrations and surface wind stress along structure in this situation. This occurred on June 24 and 26.

the transect in the eastern sector during MIZEX "84. The geographic two days with moderate protuberances, during a wind regime
position of this transect is shown in Figure 1. Diamonds show the that would produce more off-ice transport than transport
positions of the 50% ice concentrations along the transect as given in along the edge.
the mesoscale microwave images. Several examples of the transformation between the two

configurations can be seen in Figures 7 and 8. On June 9, two

6. IcE MORPHOLOGY AFrEcrTED BY WIND STRESS large protuberances dominated the large-scale MIZ morphol-

AND OCEAN CIRCULATION ogy. The moderate to strong winds during June 9 to 11 yield-

The sequential synoptic microwave observations shown in ed the smooth edge of July 12. During June 18 to 22, light

Figures 1-5 and Plates 1-2 show the general ice conditions winds or no wind occurred, and by June 22 the two large

that occurred during MIZEX '84 as well as the rapid response protuberances reappeared. During June 23 and 24, strong

of the ice morphology to variations in ocean current and wind on-ice winds over the Fram Strait region smoothed the pro-

forces. The SMMR observations give the large-scale ice con-. tuberance associated with the Molloy Deep. Strong southerly
ditions, while the aircraft observations give the detailed meso- winds parallel to the ice edge on June 26 produced a nearly
scale conditions as the experiment area moved from cast to straight edge with only a small protuberance near the Molloy
west at approximately 8 km d- 1, or with the mean ice drift. Deep. which expanded during the light and variable winds of

The combination of the SMMR maps and the surface wind June 28 and 29. The strong off-ice winds of July 7 to 9. the

stress fields for the entire region (Figures 7 and 8) shows the strongest during the experiment, resulted in a very smooth ice

variations of the large-scale ice morphology in response to edge.

changing meteorological conditions, which are now discussed The complete mesoscale and large-scale data ensemble, Fig-

before a similar discussion of the mesoscale morphology vari- ures 1-8 and Plates 1-3. for the MIZ area covered during the

ations. In general, the ice edge and the pack close to it, the experiment, 10E to 8°W, shows that the ice responds to dif-

region between the 30% and the 70% ice concentration lines, ferent forcing in the eastern and western sectors. The eastern

have undulations whose amplitudes vary depending on the sector, from 100E to °E. is over a bathymetric plain called the

strength of the wind. After periods of low wind stress, <0.05 Yermak Plateau. The western sector, from YE to 8°W. in-

N m-. large undulations form with two dominant protuber-
ances that result from the mean oceanographic conditions.
One repeatedly forms at approximately 77°N, 2°W as a result
of the East Greenland Current that transports ice eastward as 3 K,2

it follows the curving shelf break in this region. Another one _ . .-

repeatedly forms at approximately 79.2°N, 2°E, in the vicinity . ,
of the Molloy Deep, a region of eddy generation and activity /
[Johannessen et al., this issue]. These protuberances disappear 200 ...... ...
and are replaced by a smooth ice edge with only small- "
amplitude undulations immediately after large-scale strong NO

wnd stress events, >0.15 N M-2, that overwhelm the meso- ?IS

stress fields only for the aircraft radar observation days and

have gaps of up to 4 days between observations. Lindsay 6

I1985] and Figures 9 and 10 give the daily sequential wind 5o

conditions. These data show that the relatively straight edge of _ _ _ _ _

July 5 resulted from the moderate winds that occurred during 12 16 2i 24' A 2 s o0 ,4

July 2 to 4. Jun' July

These observations show that regardless of the wind direc- Fig. tO. SMMR ice concentrations and surface wind stress along
tion. strong winds tend to smooth the large-scale and MIZ the transect in the western sector during MIZEX '14. The geographic

morphology, primarily as a result of wind generated shear in position of this transect is shown in Figure 1.
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eludes the Molloy Deep and the Greenland continental shelf The following describes the effects of these events on the ice 3
break. In the eastern sector the ice edge zone generally was conditions, referring first to the SMMR data and then the
aligned east to west for the entire experiment, and the ice mesoscale aircraft data. The following discussion also uses the
concentration gradients remained moderate to high, 70%180 term -ice concentration gradient," which is the percent change
km to 70%/,'150 km. However, in the western sector the ice in ice concentration divided by the distance over which the 3
edge zone undulates widely and repeatedly, and the ice con- change occurs. Hence a compact ice pack will have a con-
centration gradients fluctuate from low 150%/ 150 kin) to high. centration gradient greater than that of a diffuse ice pack.

To discuss the ocean and wind forcing in the eastern and From June 9 to 12, the wind stress time series in Figure 9 •
western sectors in relation to both the large-scale and meso- shows that strong to moderate off-ice winds occurred. These I
scale variations in morphology, we have constructed a time winds generated seaward motion of the high-concentration ice
series of SMMR ice concentration isopleth positions along as shown by the 50-km southward progression of the 90%
transects in each region and the wind stress for the center of SMMR ice concentration isopleth and the 50-km decrease in 3
each region. Figures 9 and 10. These transects are perpendicu- the distance between the 90 and 50% ice concentration iso- 3
lar to the averge ice edge and extend from the open ocean into pleths. However, the ice edge advanced southward only 20
the ice pack for about 200 km, and they are shown in the kin; the advance was limited by rapid melting as the ice en-
SMMR map of June 8 (Figure 1) labeled "E" for the eastern tered warm water. The mesoscale maps (Plates I and 2) show 3
sector and -W" for the western sector. The ordinate in Figures that on June 9 a very diffuse ice edge existed with a U
9 and 10 gives the distance from the arbitrary seaward end of - 40-km-wide zone of ice bands and plumes that had ice con-
each transect, which for the eastern transect is 79'N. 6'E and centrations ranging from 10 to 30%. Within the main pack m
for the western transect is 78.5N, 2.53E. These figures include there were many polynyas 5 to 20 km in length with micro- 3
data from all of the SM MR observations, not only those from wave signatures that indicate - 50% ice concentrations. Three
the 15 maps shown in Figures 7 and 8. The daily wind stress days later, on June 12, the width of the diffuse ice edge had
vectors shown are for the center of each transect, which for the increased to -60 km, with many polynyas in the main pack.
eastern sector is at 80.5°N. 6'E and for the western sector is at This morphology resulted from the off-ice winds that occurred 3
79°N, 0°E. The wind stress vectors in Figure 10 have been during this 2-day period, some of the strongest winds of the
rotated to show the stress relative to the section line; that is, a experiment. Between June 13 and 18 the winds were light and
vertical vector is parallel to the section line and a horizontal variable, with little effect on the ice morphology, and the ice
vector is normal to the section line. edge continued to be diffuse. 1

Before proceeding with the discussion of the morphology During the period June 20 to 27, compact conditions re-
variations in these two sectors, we next discuss the accuracy of placed the diffuse conditions of June 8 to 20 as a result of a
the ice edge determinations by SMMR. The simultaneous air- changing wind conditions. As Figure 9 shows, a moderate 5
craft and SMMR observations provide unique data to make wind blew towards the southwest on June 20 and diminished
this comparison. All but the final passive microwave imaging to almost no wind on June 22. The SMMR ice concentration
took place in the eastern sector, while all of the radar imaging gradient increased when compared with the previous 20 days. 3
took place in the western sector. The six passive microwave The mesoscale map (Plate 2) shows no polynyas and a com- 3
images obtained in the eastern sector show ice edges extending pact ice edge region. During June 23 to 27 the passage of a
generally east-west, with those of June 9, 12, and 18 having cyclone south of this sector generated the strong on-ice winds.
diffuse edge zones and those of June 22, 24, and 26 having The SMMR ice concentration gradients increased to 60%/75 3
compact edge zones. The II radar images, with the exception km. The mesoscale maps for June 24 and 26 (Plate 2) show U
of that of July 7, show very diffuse and irregular ice edges. In compact ice packs, with ice concentrations of >90% and no
addition to the microwave observations from each aircraft, polynas. The edge zone was compact and nearly linear. The -
visual observations were made when possible. The ice edge portions of these two images that cover areas west of 3YE will 3
position was observed during all B-17 and CV-990 flights, be discussed in the western sector section.
even though low cloud cover was present most of the time. During July 6 through 10, an intense cyclone that moved
The great albedo difference between ice and water and the northward to the east of Svalbard generated the strongest
thin low-level stratus and stratocumulus layers made it possi- off-ice winds experienced in the eastern sector during the ex-
ble to visually map the ice edge position, including large periment. As Figure 9 shows, these winds caused a rapid de-
plumes and bands. For compact ice edges the edge positions crease of the SMMR ice concentration gradients and ad-
are readily determined, but for difuse edges, determining the vanced the ice edge southward by 35 km. The ice divergence, .
edge positions involves subjective criteria. In this study we in the absence of strong ocean currents, results from greater
take the seaward limit of large bands and plumes, such as aerodynamic roughness in the edge region than in the interior.
those shown in the radar images of June 29 and 30 and July 5, Guest and Davidson (this issue] show that the bulk drag coef-
6, 9, I1, 14, and 16, for the ice edge position. The 18 ice edge ficient is 40-100% greater near the ice edge than deep within 3
positions obtained from the aircraft radar, ESMR, and visual the pack. The on-ice winds of July 10-11 caused the MIZ to
observations show that, for diffuse ice edges, the 30% SMMR shift northward - 15 km. The strong decrease in ice con-

concentration isopleth best correlates with the ice edge posi- centration throughout the eastern sector after July 14 results 3
tion, while for compact ice edges, the ice edge falls between the from low winds and the regional ice melt which reaches its

40 and 50% SMMR ice concentratin isopleths. peak at this time.
The above describes a MIZ whose internal morphology

The Eastern Sector rapidly responds to the wind. and the fact that little change is 3
In the eastern sector, two strong off-ice and on-ice wind observed during light wind conditions implies weak oceano-

events occurred during the experiment, as shown in Figure 9. graphic forcing. Observations by Johannessen et al. [this I
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issue] and Manley et al. [1987] found ocean currents of ap- extended southward into the open sea toward the Molloy1 proximately 10 cm s' in the eastern sector during the experi- Deep.
ment. The insensitivity of the 30% SMMR isopleth to winds On June 30 the CV-580, CV-990. and B-17 imaged the
that would transport ice to the south, except for the extreme Molloy Deep area, and all three overlapping mesoscale images
wind event of July 6 to 10, shows that the warm water to the (Plate 1. Figure 3b, and Figure 3c) show ice structures associ-
south prevents the southerly transport of ice in most cases. ated with ocean eddies. An extended ice plume which was

advected from the diffuse ice pack by the cyclonic circulation

The Western Sector of an ocean eddy centered at 79'15'N. 3YE is clearly shown in
both the SLAR and ESMR images. The ESMR image shows

Throughout the experiment, the ice morphologies in the ice structures indicating smaller eddies centered at 79'15'N,
western sector (3YE to 8°W) and their response to ocean and I =W and 78°45'N, 1 VW. All three of these ice-ocean eddies can
wind forces were distinctly different from those in the eastern be seen in great detail in the photomosaic (Figure 6) of this
sector. Figure 10 gives the time series of the SMMR ice con- area obtained from the CV-990. Because of the persistent
centrations along the transect shown in the June 8 SMMR cloudiness during the experiment, this was the only photomos-
map in Figure 1, as well as the wind stress for this sector. In aic obtained which covered the entire mesoscale area viewed
the west, the distance between the 30% and 70% SMMR ice by the microwave sensors. In the SAR image (Figure 3b), the

concentration isopleths was typically twice that in the east. bands and plumes which existed south of the diffuse pack
Also, within 100 km of the ice edge, ice concentrations of 90% appear to have been generated by a fourth eddy which was
or more rarely occurred, whereas in the east this high con- centerd just out of the south image.
centration always existed within 80 to 100 km of the ice edge. The SAR image acquired during the light wind conditions

Another large-scale difference is that the entire western ice on July 5 (Figure 3d) of a part of the MIZ southwest of the
pack, the area having >50% SMMR ice concentrations, area covered on June 30 shows that a very diffuse ice edge
underwent major changes in ice concentration. From the be- zone some 20-30 km wide and made up of small floes ex-
ginning of the experiment to June 28, the interior had ice tended along the MIZ, and within this zone an eddy centered
concentrations of 80%. From June 28 to July 10, these high at 78°45'N, 2'30'W created many plumes in a cyclonic rota-
conentrations disappeared and then reappeared. tion. In the southwest corner of this map there are plumes

The wind forcing in the west differed from that in the east. associated with a second eddy which appears to have been
As Figures 9 and 10 show, the winds in the western sector centered at about 78°N. 4'W. A pair of visible and infrared
were usually more parallel to the ice edge and not as strong as images acquired on July 4 from the NOAA AVHRR satellite

the winds in the eastern sector. However, these wind differ- (Plate 3), covering a large MIZ area including that of the July
ences do not explain the different large-scale and mesoscale ice 5 SAR image shows the ice structures and ocean thermal

morphologies which occurred in each sector: it is the differ- structures associated with five eddies. Those labeled I and 2
ence in ocean circulation that is responsible. In the west the are the same eddies shown in the SAR image.
vigorous East Greenland Current flows south over the Molloy Nearly overlapping SAR and SLAR images of the Molloy
Deep and along the continental shelf break, rapidly trans- Deep region, acquired on July 6 (Figures 4a and 4b), show a
porting ice to the southwest. The various eddies and meanders diffuse MIZ structure with many bands and plumes extending
that result from this closely coupled current-bathymetry 60 km from the pack. Where the images overlap, the upper
system dominate in determining the structures and variations right of Figure 4a and the lower right of Figure 4b, nearly

of the ice morphologies. This complex and rapidly varying identical morphologies are seen. They result from an eddy
current system, described by Johannessen et al. [this issue], located just north of the Molloy Deep, which can be seen in
causes the formation of equally complex and dynamic ice the NOAA AVHRR image of July 4 (Plate 3).
structures, as will be shown in the following discussion. On July 7 the passage of a cyclone east of Svalbard gener-

Unfortunately, the typical size of the ocean eddies in the ated strong off-ice winds in the western sector that over-
Molloy Deep region (- 30 kin) is the same size as the SMMR whelmed the mesoscale oceanic forcing. This was the only day
footprint; thus the individual effects of the eddy circulation on of the 11 days on which mesoscale observations of the western

the mesoscale ice morphologies are visible only in the aircraft sector were acquired (June 24 to July 16) that ocean forces did
images. Radiometric mapping of this area started on June 24 not dominate in determining the ice morphology. These winds,
(Plate 2) with passive microwave imagers. In the southwest the strongest during the entire experiment, produced the most
corner of this image there are ice plumes and bands -60 km linear MIZ and compact ice edge observed in the western

from the main pack, just east of the Molloy Deep. The ESMR sector during the experiment (Figure 4c), and Johannessen et
image of June 26 shows similar structures, and the complex ice al. [1983] reported a similar occurrence in this area during the
structures associated with an eddy located near the Molloy NORSEX program. The mesoscale structure shows an ice
Deep centered at 79°15'N, l1'0'E, (Johannessen et al., this edge straightened by a combination of melting and the ice
issue] and the plumes and bands observed in this area 2 days shear of the ice transport parallel to the ice edge. Almost all of
earlier were also associated with this eddy. During this period the eddy signatures which existed 2 days earlier in the same
the winds were weak and variable, which allowed the ice to area had disappeared, except for a semicircular ice-free region

follow the ocean circulation. which bounds an eddy at 78°40YN, 2°W. From the center part
On June 29 the CV-580 obtained the first mesoscale high- of the map of the southwest corner, wind and wave forces

resolution radar image, covering an area of the MIZ just formed long ice bands along the ice edge with high ice con-
north of the Molloy Deep (Figure 3a) during a period of fight centrations (-.80%) and composed of small floes (1-500 m)

and variable winds. Numerous large polynyas occurred within with numerous ice streamers trailing from the edge. These

the pack, from which several low ice concentration plumes features may indicate the presence of an ice edge jet, as wasI
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observed in this area by Johannessen et al. (1983] during and active microwave observations by microwave remote m
NORSEX. Roed and O'Brien [1983) predict a jet in these sensing aircraft provide a unique history of the complex and 3
conditions using a coupled ice-ocean model. The interior ice dynamic summer ice morphology. The emphasis in the experi-
pack also responded to this wind event, the SMMR observa- ment design on microwave remote sensing was well placed,
tions, Figures 2 and 10. show the reappearance of 80 to 90% since cloud cover over the MIZEX area was frequent. Indeed,
ice concentrations in the western sector. on only I day of the 15 days flight operations occurred was

As the cyclone moved eastward, the winds diminished to the MIZEX area completely cloud free. The following are the
moderate levels by July 9. The relaxation of the atmospheric key findings of the analysis of this microwave data set coupled
forcing once again allowed the ocean circulation to determine with MIZEX wind and ocean observations: I
the ice morphology. The mesoscale image of this day (Figure I. The long (-{800 kin) ice edge between northwest Sval- -
44) shows that the linear and compact ice edge of 2 days bard and central Greenland, which had meanders and eddies
earlier had rapidly diffused, and bands and plumes associated repeatedly form, disappear, and reform along it. moved within
with eddies appeared. a narrow zone of 50-100 km. while behind this alternating

From July 10 until the end of the experiment, only light diffus, and compact edge the ice pack underwent rapid, alter-
on-ice winds blew in the western sector (Figures 8 and 10). nating, and pronounced variations in ice concentration over a
The SMMR data (Figures 2 and 10) and the SLAR mesoscale wide zone ( - 200 kin). 3
maps for July 11, 14, and 16 (Figures 5a, 5b, and 5c) show a 2. A comparison of aircraft microwave and visual observa- U
pronounced and continuous decrease in ice concentration in tions with the SMMR ice concentration distributions indicates
both the MIZ and the interior ice pack associated with the that for the summer MIZ the 30% SMMR ice concentration
peak of the summer melt season. The mesoscale morphologies isopleth correlates best with actual ice edge positions for dif- 3
on all 3 days were clearly determined by the ocean circulation. fuse ice edges, whereas compact ice edge positions correlate
On July 14, many bands and plumes were advected cyclon- best within the 40-50% SMMR isopleths.
ically around an eddy centered at 78°50'N, 1*10'W. Ships, 3. The variations in mesoscale ice morphologies in re-
directed to this eddy as a result of this image, mapped its sponse to wind and ocean forcing were distinctly different in
three-dimensional structure [Johannessen et al., this issue]. the eastern and western sectors of the experiment. In the east-
The circulation around this eddy was sufficiently strong to ern sector, 3YE to 10'E, over the Yermak Plateau, the mor-
advect large multiyear floes out of the main pack to encircle it. phologies were determined by the wind. In the western sector,
On July 16 this eddy was in the same position and had contin- 3YE to 8°W, which includes the Molloy Deep, the Fram Strait, U
ued to advect large amounts of ice around it. Tracking numer- and part of the Greenland continental shelf break, the mor-
ous identifiable ice floes in both the July 14 and 16 images phologies were determined by ocean current forcing, with the *
yields mean orbital speeds of about 30 cm s- 1. From oceano- exception of July 7 ni- en the strongest off-ice winds of the 3
graphic measurements, Johawnessen et al. [this issue] found experiment determined the morphology.
that the orbital speed of the upper 50 m of this eddy was 30 to 4. The experimental objective of locating and mapping ice-
40 cm s-'; thus the equal ice and current speeds show that ocean eddies was achieved. Eddies or parts of eddies were
ocean forcing determined these morphologies. observed on 15 of the 18 aircraft mesoscale microwave flights. 3

The above discussion shows that during MIZEX '84 the These eddies ranged in diameter from - 20 km to - 80 km.
mesoscale morphologies in the western sector were determined The typical diameter of the eddies was about 30 km.
primarily by ocean circulation, with the one exception of July 5. The large-scale SMMR ice concentration distributions 3
7 when the strongest winds of the experiment occurred. The and the microwave mesoscale ones agree closely. Along the
ocean forces also appear to be dominant in the determination transect in the eastern sector, the positions of the SMMR and
of the large-scale morphologies in this sector. Hikkinen (1986, aircraft microwave 50% ice concentration isopleths agree 5
1987] has modeled the Fram Strait-Greenland Sea area and within the range 8 km to 20 km. 3
finds that the ice motion is governed by three principal com- 6. In the eastern sector, the large-scale ice concentration
ponents: (1) the East Greenland Current following the conti- distributions underwent pronounced variations in response to
nental shelf break and the currents associated with the eddies the winds, while the ice edge generally did not. With the ex- 3
generated near the Molloy Deep, (2) local wind-generated cur- ception of the period of intense melt at the end of the experi- !
rents, and (3) the direct wind stress of the wind on the ice. ment, off-ice winds caused a decrease in the ice concentration
Hikkinen finds that the Coriolis force on the ice is small gradients and on-ice winds caused an increase. The 30% con-
compared with the forces given above. During periods of very centration isopleth position varied only about 20 km in lati-
low wind stress, such as those that existed during MIZEX "84 tude. except during the extreme off-ice winds of July 6-10 and -
on June 22, June 29, and July 5 (Figures 7 and 8), the model the following melt period.
predicts that the ice will follow the externally generated ocean 7. Considering the highly dynamic nature of the MIZ ob-
flows, i.e., those in the Molloy Deep area and the East Green- served in the sequence of microwave mesoscale maps, it ap-
land Current. Note that on each of these days, the large-scale pears that a time span of 2 or more days between such obser-
morphologies (Figures 1, 2, 7, and 8) show large protuberances vations will result in an undersampling of the information
in the Molloy Deep area and along the irregular break of the needed to develop and test MIZ models. Repetitive mapping
continental shelf at about 77*N. of selected areas at least once a day is recommended for future

7. SUmMARY MIZ experiments.
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I Mesoscale Eddies in the Fram Strait Marginal Ice Zone During the
1983 and 1984 Marginal Ice Zone Experiments

SJ. A. JOHANNESSEN\. 0. M. JOHANN'ESSEN.1" 2 E. SVENDSEN.' R. SHUCHMAN. 3 T. MANLEY."

W. J. CAMPBELL. 5 E. G. JOSBERGER.5 S. SANDVEN,' J. C GASCARD, 63 T. OLAUSSEN.1 K. DAVIDSON." AND J. VAN LEER"

During the summer Marginal Ice Zone Experiment in Fram Strait in 1983 and 1984. founeen meso-
scale eddies, in both deep and shallow water, were studied between 78 and 81'N. Sampling combined
satellite and aircraft remote sensing observations. conductivity-temperature-depth observations, drift of
surface and subsurface floats and current meter measurements. Typical scales of these eddies were 20.-40

kin. Rotition was matnl. cyclonic with a maximum speed. in several cases subsurface of up to 40 cms s- w.
Observations further suggest that the eddy lifetime was at least 20 to 30 days. Five generation sources are
suggested for these eddies. Several of the eddies were topographically trapped. while others, pnmarily
formed b% combined baroclinic and barotropic instability, moved as much as 10-15 km d-' with the
mean current. The vonicit. balance in the nontrapped eddies is dominated by the stretching of iso-
p.cnals accompanied b% a change in the radial shear. In the most completely observed edd) south of

79 N the available potential energ) exceeded the kinetic energy by a factor of 2. Quant-tative estimates3suggest that the abundance of these eddies enhances the ice edge melt up to 1-2 km d -'.

I. INTRODUCcTIO separate color section in this issue.i Such motion advects large

The marginal ice zone (MIZ) is the transition region from amounts of ice. Polar Water (PWI. and Atlantic Water 1AWl

open ocean to pack ice. Here strong mesoscale air-ice-ocean into closer contact, causing enhanced floe breakup and ice

interactive processes occur which control the advance and re- melting. While Plate I shows one ice edge eddy in detail, the
treat of the ice margin. To gain better understanding of these National Oceanic and Atmospheric Administration (NOAAI

p1984 Marginal Ice Zone Experiment (MIZEX satellite image from July 1. 1984 (Plate 2) establishes that3 processes. the 18 agnlIeZn xeietIIE
"841 was carried out in Fram Strait between Greenland and eddies and meanders are the dominant features along the ice

Svalbard from May 18 to July 30. 1984. following a prelimi- cdge under moderate wind conditions. (Plate 2 is shown here

nary summer experiment in 1983 [MIZEX Group. 19861. One in black and white. The color version can be found in the

of the central objectives of MIZEX is to understand the phys- separate color section in this issue.) Note also the large

ics of mesoscale eddies and their importance in the various number of eddies in the ocean off the ice edge.

exchange processes of mass. heat. and momentum which affect Fram Strait is the region where almost all heat anC water

the position of the ice edge. exchange between the Arctic Ocean and the Atlantic OceanI Major investigations of mid-ocean eddies started in 1973 takes place [Aaqaard and Grei.ssman, 1975]. The general large-w ajoritht e stigations Mid-Od-cean DE edimens sted p- 1 scale ocean circulation in this region is dominated by thew ith th e M id -O cea n D yn a m ics E xpe rim en t (M O D E i I p ro - so t w r fl i n c ld a d o - a i i y E st G e n nd C -
gram [Robinson. 1983]. Although it is now well established southward flowing cold and low-salinity East Greenland Cur-
that eddies are present in all the world oceans with important rent (EGCI which exports ice and PW out of the Arctic

implications for physical. biological, chemical, and geological Ocean. and the northward flowing warm and saline AW in the

oceanography and acoustics [Robinson. 1983: Mugaard et West Spitzbergen Current (WSC) [Perkmn and L.wis. 1984).
1983]. eddy features have not been extensively investigated in The West Spitzbergen Current separates into filaments that

the MIZ. To qualitatively demonstrate the effect of eddies in either recirculate in Fram Strait or advect AW into the Arctic

the MIZ. a unique aerial photograph obtained on June 30. (Figure i). The large-scale ocean circulation studied during

1984 is shown in Plate I. where the ice traces the cyclonic MIZEX "84 is reported by Quadjasel et al. [this issue]. Three

Sorbital motion of an eddy at the ice edge. (Plate I is shown distinct water masses characterize the upper 1000 m in Fram
here in black and white. The color version can be found in the Strait. Swift and Aagaard [1981] and Swift [1986) defined

these water types as follows: Polar Water (salinity S < 34.41A..

temperature T > freezingS Atlantic Water (A > 34.9h..,
T > 3 C). and Arctic Intermediate Water (AIW) (34.4 < S <I Nansen Remote Sensing Center. Bergen. Norway. 34.91A., 0 < T < 3 C1. Thermal and saline ocean fronts and

Geophysical Institute. University of Bergen. Bergen. Norway. eddies form where these water masses interact.
Environmental Research Institute of Michigan. Ann Arbor.
Lamont-Doherty Geological Observatory. Columbia University. Fram Strait has a complicated bathymeiry, as is shown in

Palisades. New York. Figure 1. The continental shelves of Svalbard and GreenlandI U.S. Geological Survey. University of Puget Sound, Tacoma, border each side of the strait. The Yermak Plateau with a
Washington. mean depth of 800 m extends northwestward from Svalbard.6 Laboratoire d'Occanographie Physique. Mustum d'Histoire Na- Te most dra m vrtins aresfwurd in t n albardo

turelle. Pans. The most dramatic variations are found in the central par of
Naval Postgraduate School. Monterey. California. Fram Strait where there are several deep depressions, such as
Department of Oceanography. University of Miami. Florida. Molloy Deep, which extends to 5500 m. while seamounts and

ridges rise steeply to about 1500 m below the surface.
Copynght 1987 by the American Geophysical Union. Previous investigation in Fram Strait have revealed that

Paper number 7C0I 13. mesoscale eddies are present along the ice edge [Joamessen
0148227I87/007C-0113S05.00 ei al.. 1983. Wadhams and Squre. 1983. Vinje, 1977). The

S~67.,44
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ice stress can also generate instability of an infinite sea ice
front overlying a passive ocean as modeled by Killworth and

--- " Paldor [198 5].
MIZEX '83 and MIZEX '84 used a variety of observational

- techniques to study open ocean eddies, eddies at the ice edge.
-and eddies beneath the ice. These techniques include satellite

and aircraft remote sensing, standard conductivity-

temperature-depth (CTD) sections from ships and helicopters.
the drift of surface and subsurface floats, current meter
measurements, and Cyclesonde measurements [MI ZEX
Group. 1986]. The combination of all of these data sources
provides a detailed picture of eddies in the MIZ. This study
describes first the eddies south of 79'N, then the eddies in the
central part of Fram Strait between 79- and 80- N. followed by
the eddies north of 80N. and concludes with a discussion of
eddy sources. vorticity, energy, and eddy-induced ablation and

Plate I. Aerial photograph of the 20- to 40-km ice edge eddy EI ice edge retreat in the MIZ. In all. 14 eddies. E l to E14. are
centered at 79N. 2 30'W taken from the CV 580 on June 30. 1984. discussed in the following.
IThe color version of this figure can be found in the separate color
section in this issue.) 2. DESCRIPTION OF THE EDDY DATA

The ice-ocean eddy program was carried out along the ice
scales of these eddies ranged from 5-15 km north of Svalbard edge from 81WN north of Svalbard, to 78'N. We will describe
to 50-60 km for the Molloy Deep eddy in the central part of the eddy observations in three sequences; south of 79-N. be-
Fram Strait. The generation mechanisms which have been tween 790 and 80'N, and north of 80'N.
suggested for these eddies are summarized in Table 1, together
with horizontal and vertical eddy scales, estimated or mea- 2.1. South of 79°N
sured orbital speed, and eddy propagation speed. The mecha- This program lasted from July 4 to 15, 1984, with the re-
nisms include barotropic and baroclinic instability, topo- search vessel Hdkon Mosby covering the open water part of
graphic trapping, differential Ekman pumping along the ice the eddy region and the research vessel Kvitbjorn covering the
edge, and ice edge instability driven by internal ice dynamics. ice part, in conjunction with repeated remote sensing aircraft
The topographyically controlled eddy over Molloy Deep has overflights. Figure 2a shows the passage of three low-pressure
also been simulated in a numerical model [Smith et al., 1984], systems through Fram Strait with maximum winds up to 20 m
while upper ocean eddies along the ice edge with scales of s-Z, and Figure 2b shows the associated ship-measured wind
20-40 km are generated by differential Ekman pumping in a conditions from June 15 to July 15. The mean ice edge is also
numerical model by Hdkkinen [1986]. Moreover, the internal superimposed on the weather maps and indicates that along

3 tW 0

4? •
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Plate 2. NOAA satellite AVHRR image (combined IR and visual) from July 1. 1984. (The color vermon and a complete

description of this figure can be found in the separate color section in this issue.)I
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Fig. I. Fram Strait bathymetry (depth in hundreds or meters), mean summer ice edge (hatched) and general upper
ocean circulation (solid arrows indicate flow of Atlantic Water, open arrows indicate ice drift and flow of Polar Water).
The main experimental site is located within the marked box. 3

ice edge winds with the ice to the right (looking downwind) tained between June 26 and July 14, 1984 (Plates 3a and 3b).
often occur during the passage of low-pressure systems. (Plate 3a is shown here in black and white. The color version to

Atotal of 250 conductivity-temperature-depth (CTD) sta- can be found in the separate color section in this issue.) On Il
tions were obtained from the two ships, with typical station June 26 the ice edge eddy El started to form at approximately

spacing of 4 km and a sampling depth of 500 m (Figure 3). 79°15'N and l°30'W (Plate 3a) and was fully developed on _
Furthermore, the research vessel Polarstern carried out a west- June 29 with a scale of 20-40 km centered at about 79•N and

east section and a north-south section to the bottom through 2°1 5'W. This suggests a spinup time of about 3 days for the I-
the region on July 7-8 and July 16, 1984, respectively, while upper layer which contains PW and ice. During these 3 days
R/V gvitbjern later repeated the two sections on July 21-22, the mean southward propagation of the eddy deduced from -
(Figure 3). these images was 10 km d- (1 km d-' -• 1 cm s- ). When I

The eddy features, EI-E4, to be discussed are shown in the this eddy was first observed, the wind was along the ice edge "
sequence of satellite and aircraft remote sensing images ob- from the northeast 20 m s-i' later decreasing in speed and

TABLE I. Generation Mechanisms for Mesoscale Eddies in the Fram Strait, in Addition to Some
Eddy Characteristics

Horizontal Vertical Orbital3
Scale, Scale, Speed.

Generation Mechanism km m an s- Propagation

Barotropic instability, Norsex '79 5-IS < 200 5-20 !0 an -

(Johannessen it ai., 1983]I
Molloy Deep Eddy

Baroclinic instability, Ymer 80 60 >600 7-16 negligible
[Wadhuas and Squire, 1983]

Topographic controlled, 50-40 > 2000 1 5-25 stationary
MIZEX .83 [Johanne3, it at.I
1984)

Topographic controlled, 60-40 3300 50 stationary

Numenical model
[Smith et iii., 1984]

Halkkinen [1986] 10-40 < 100 nonlinear advection
Klllworth and Paldo, (1985) 20-50 no ocean

79 2
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I bakin tothenorth. From June 29, to July 1, El moved 50%), implying negligible internal ice stress (Ree and

slwysouthwards towards 78°50'N and 2°W, while the ap- O'Brien, 1983J, the ice mirrors the upper ocean circulation.i 2a.motion between July 1 and 4 ws slowly eastward. In The orbital motion, at least in the surface layer, is cyclonic,

all, the propagation of El is controlled mainly by the back- while the pattern of spiraling lines of ice toward the center
ground motion, since the self-propagation of eddies at high implies that ageostrophic effects are important. The primary
latitudes is negligible [Johannessn et al., 1983]. In contrast, effect is assumed to be associated with frictionally driven
two large ice floes were recognized about 15 km to the west of inward radial motion and convergence in the surface layer.
this eddy with a mean southward drift of 30 cm s-I- between However, the effect of surface tilt may also lead to inward
June 26 and July 4. radial motion.

The spinup of a second eddy, E2, 50 km southwest of El In contrast to the SAR mosaic on July 5, the July 7 mosi
occurred between July I and 4. In this period, intensification reflects the ice configuration influenced by 2 days of strong
of the high pressure Figures 2a and 2b led to north to north- northerly winds of up to 15 m s- . This wind event erased the
east winds reaching 12 m s- 1. The July 4 IR image also shows clear ice convergence signature within the eddy but did not
the presence of the eddy features E3 and E4 in the AW just off completely erase the ice boundary signature, demonstrating
the ice edge. that imaging radars can observe ice-ocean eddies even under

The synthetic aperture radar (SAR) moaic obtained on July high wind conditions. Prevailing northerly winds of 5 m s'
5 (Plate 3b) as well as the aircraft photo obtained on June 30 on July 8 and 9 again allowed the ice to reflect the upper
(Plate 1) clearly revealed the detailed surface stucture of the ocean current. as can be seen in the SAR mosaic obtained on
elliptically shaped eddy El with dimensions of 20-40 km. July 9. The center position of this eddy is almost the same as
Since the wind conditions during these 2 days were relatively that observed on July S. There also appears to be another
calm, and the ice concentration in the eddy was low (less than eddy present in the northeast corner of this mosaic, which is
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Fig. 2b. Wind observations (30-mmi averages) obtained from R/V Hdkcon Mc,!by between June 15 and July 15 1984.

the eddy E4 in Plate 3a. The winds of less than 8 m s- 'from derived from the star pattern CTD sections (Figure 3) ob-
July 12-14 again allowed El to be seen in the July 14 side- tained during the period July 10-14, 1984. shows the complex3
looking airborne radar (SLAR) mosaic (Plate 3b). subsurface structure of eddies El and E3. (Plate 4 is shown

The three-dimensional temperature composite (Plate 4) here in black and white. The color version can be found in the
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Plate 3. Sequence of NOAA satellite visual and IR images on June 26, June 29, July 1. and July 4; aircraft SAR

mosaics on July 5, 7, and 9; and SLAR mosaic on July 14. Eddy features labeled EI-E4 are discussed in the text. (The
color version of this figure can be found in the separate color section in this issue.)

separate color section in this issue.) The structure of E3, docu- neath the surface layer of the eddies. This indicates that the

mented by CTD stations, included in the three-dimensional vertical depth of the eddies exceeds 500 m. The winds during

composite in Plate 4. shows a vertical doming of about 300 m this period were consistently southwest at 5-10 m s', with no

with cyclonic rotation. Repetitive CTDs through the eddy major influence on the structure of the eddies. A section ob-

center of El over this 5-day period, showed that the eddy tained on July 16, 1984 by R/V Polarstern showed that the
remained stationary, verifying the synoptic representation of eddy density anomaly disappeared below 1000 m.
Plate 4. The blue color in the upper layer represents the PW A more detailed view of the structures of El and E3 can be

with temperature less than 2°C, while the red color is AW seen in the east-west and north-south CTD sections shown in
with temperature above 4'C. Ice is shown by the white spots, Figures 4a-4d. The east-west section (Figure 4a) shows warm

while the blue color in the interior represents water temper- AW (>4.5°C) extending from a core depth of 50 m to the
ature below 2'C. The mean movement of the ice and PW is surface centered above the interior dome structure. The north-
indicated by arrows which show the westward drift in the south section (Figures 4b and 4d) shows similar interior dome
northern domain and the sudden cyclonic turn southward at structure in the vicinity of the eddy center with the main core
the edge of the EGC. Similarly, the mean drift of the AW is of AW located above. However, the surface manifestation is
shown by arrows. Significant dome structure appeared be- weaker, with temperature below 3.5°C.I
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In addition to the central core of AW located near the eddy and the buoy were forced by the wind from southwest across 3
center, a filament of AW is located to the west of the eddy the warm core of the cyclonically turning AW which had
center at a depth of 50 m (Figure 4a, at station 224), and to maximum velocities at 50 m of more than 40 cm s-. After
the north of the eddy center at a depth of 60 m (Figure 4b, at going through some small-scale anticyclonic rotation, perhaps
station 249) on July 13. This filament acts as a tracer. It was associated with eddy-eddy interaction, the buoy enters the 3
first observed 30 km northeast of the eddy center on July 11, strong southward current associated with the eddy E4 on July
with a width of about 10 km at a mean depth of 50 m. It was 11. Early on July 12 the northern current weakens and turns
also found in the section obtained on July 14, at a mean depth cyclonically to flow east-northeast in agreement with the sur- 3
of 30 m, about 20 km northwest of the eddy center. This face structure of E4 seen in the remote sensing images (Plates
filament displayed a cyclonic motion around the eddy center, 3a and 3b). There was no dramatic change in the magnitude of
and if it is continuous, the calculated orbital speed is about the current vectors during the 4-day period, which suggests
50-70 cm s', which is higher than the direct current that the eddy orbital speed in El and E4 is similar for the
,,a•'urementv -esrto helow. upper 50 m, of the order of 30-40 cm s '. 1

The velocity field was derived by drifting Argos buoys, one The observed vertical shear exhibits a weak increase of 10-3

of which had current meters suspended below it. The drift s ' in the upper 50 m (Figure 5) in agreement with subsurface
pattern of Argos buoy 5062 deployed on an ice floe in the maximum seen in the geostrophic flow calculations with level 3
eddy El on July 9 is shown in Figure 5 together with absolute of no motion at 500 m (Figure 6). The subsurface maxima of
current vectors at 5, 10, and 50 m. During July 10 the ice floe 20 cm s- present in El. result from the reversal of the slope I



JOHANNESSEN ET AL.: FRAM STRAIT MESOSCALE EDDIEs 6761

orto cmcyclonic rotation of El. with a radius of about 20 km and an
0... . orbital speed of 30 cm s-'. After July 18 the buoy continued

S its orbital motion with a period of 2.5 to 3.5 days. while being
advected in the mean southward flow of the same magnitude
as the eddy orbital speed, implying that the eddy E l started toA iI propagate after July 15. After July 29. south of 78'N the buoy

50 accelerated and made two open loops before the eddy signal

in the drift path disappeared. This indicates an eddy lifetime in
the surface layer of at least 20-30 days Ithe subsurface eddy

signature may persist longer) with a mean motion of 15
E2 ~kmid-

100 2.2. Between 79' and 8OWN

In the central part of Fram Strait the complex bathymetry.
E I including Molloy Deep, affects the barotropic component of

200 the ocean circulation. The cyclonic recirculation of the AWI (E5) is coupled to this complex bathymetry. The idea that the
positive relative vorticity is further enhanced by the deepening

300 of the AW core as if flows underneath the PW addes new
insight into the recirculation of AW. A schematic of this AWI recirculation is shown in Figure 7, together with the bathy-
metry, location of a north-south CTD section, and trajectories

-400 of drifting buoys. The AW deepens and turns westward near

80°N following the isobaths and continues southward where a

branch separates eastwards, thus completing a large cyclonic
turn in the southern part of Molloy Deep. This is the area

T 4o c where a major ice tongue is often observed in advanced very
high resolution radiometer (AVHRR) and passive microwave

T 2o c images (Plate 2) indicating that the recirculated AW drags on
the PW and ice to the east. The mesoscale eddies in this area

ICE are influenced not only by the regional circulation but also by
the complex mesoscale bathymetry.

Plate 4. Three-dimensional temperature composite of El and E3. The north-south CTD section (Figure 8) from July 1-2,
Arrows indicate the motions of the ice, Polar Water, and Atlantic 1984, shows the temperature (left) and density (right) structure
Water. (The color version of this figure can be found in the separate to the bottom across the central Fram Strait. The regionalcolor section in this issue.) recirculation as schematically shown in Figure 7 is clearly

documented by the core of warm AW at both ends of the
section. Also seen is the thin lens (25 m deep) of light trapped

of the isopycnals in the upper layer (Figures 4c and 4d). This PW at the surface (Figure 8, top right). In the interior the
maximum suggests that the barotropic speed in El (and E4) is deepening of the isopycnals centered at stations 262. 268, and

10-20 cm s - I On the other hand, the vertical shear was of the 273 is associated with the topographic depressions, while the
order of 10-1 s', in agreement with that obtained from the doming of the isopycnals centered at station 267 and 271 is

current meters. Furthermore, the northern part of the open associated with the topographic highs. Assuming weak in-
ocean eddy E3 has a surface maximum speed of about 25 cm creasing velocity with depth, this may indicate that there are
s - I at station 424 (Figure 6). while the horizontal and vertical three cyclonic eddies (E6, E8, and E10) and two anticyclonic
shear are of the same magnitudes as for El. eddies (E7 and E9) which are topographically controlled in

The trajectory of buoy 5071 from July 9-11 (Figure 5), de- agreement with conservation of potential vorticity on an f
ployed in open water in the vicinity of the eddy E4 with a 3 m plane (Figure 8, bottom right). E6 is the Molloy Deep eddy
by 3 m sail centered at 10 m, similarly displays the orbital observed by Johannessen et at. [19841 and modeled by Smith
motion associated with the cyclonic eddy E4. The estimated et al. [1984). The lack of coupling in the upper 25 m (Figure 8)
speed of this buoy was 30 cm s- 1, in agreement with the later probably results from wind forcing and stratification.

observation on July 12 by the current meter suspended from The cold subsurface core at station 264 of PW possibly
buoy 5062. The geostrophic calculations with level of no results from the anticyclonic circulation indicated by the split-

motion near the bottom at 2500 m using the July 16 north- ting of the ice tongue, seen in aircraft microwave observations
south R/V Polarstern CTD section gave maximum cyclonic made in 1983-1984. This anticyclonic turn was also recog-
orbital speed at the surface of 35 cm s - I in E4 in good agree- nized in the Argos buoy trajectories. It may result from the
ment with the buoy drift speed. Moreover, the vertical shear sharp curvature of the isobaths which the east-southeastward
was mainly confined to the upper 500 m. flow cannot follow. Instead, it is forced upward by the trough,

The drift of buoy 5090 located in open water without sail is creating negative vorticity resulting in anticyclonic motion.
shown in Figure 5 together with the SLAR mosaic obtained The westward flow of reidrculated AW directly to the south of
on July 16. From July 10 to 15 the buoy drifted around the this ice tongue is another source for this negative vorticity.
periphery of El and E4; subsequently, it was caught in the In 1983, two buoys (T7 and T8) suspended with currentI
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Fig. 4. (a. b) Temperature and (c. d) density structure from CM1 stations 219-237 and from stations 421-427 and
240--250 indicated at the top of the sections. Water temperature of 4*C or more is shaded.

meters at 2, 10, 20, 40, and 200 mn were deployed on ice floes sociated with ES. The float at 250 m located in the vicinity of
west of Molloy Deep (Figure 7). Direct current measurements the large seamount north of Molloy Deep made, as was ex-5
from the es rn buoy T7 gave a speed of 20) cm s- with pected, an anticyclonic turn with an average speed of S cm
negligible ve-tical shear. In comparison, the calculated geo- s- 1.However, the turn gradualy weakens and shifts toward a
strophic ,,F.ed in the region with level of no motion at the cyclonic turn as the float is advected across deepening iso-
surface i. :,eased to 15 cm s - at 500 in with weak shear in baths. The increasing speed with depth as well as the drift
the first 200 in. This may indicate that the orbital speed in the trajectories relative to the bathyinetry support the above
eddy E6 was about 35 cm s-I at 500 mn, with near-equal thesis of bathymetric steering. In comparison, the geostrophic
magnitude of the baroclinic and barotropic flow components. speed above 750 mn (level of no motion at the surface) were

In 1984, two SOFAR floats (S2 and S7), at 250 m and 725 below 5 an s' at the crossover points (Figures 7 and 8).
in showed the combined effects of inesoscale t id regional flow Assuming minor time variations in the eddy orbital speed
(Figure 7). The float at 725 m followed the isobath in the from the SOFAR float measurements to the CTD-inferred
southern part of Molloy Deep with a mean speed of 10 cm geostrophic speed estimates, the results again suggest near-3
s-' On the eastward side, the float drifted northward out of equal magnitude of the baroclinic and barotropic flow comnpo-

the deep, probably caught in the regional AW circulation as- nents at 750 mn.
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78-3of 21/! 
176*36 2.3. North of 8ON

22/7.~In addition to the influence of the complex bathymetry on

the deep water circulation between 79N and W0N. evidence

0I P o2E of bathymetric steering and trapping on the shallower (800 m)
b Yermak Plateau north of 80N is indicated in Figure 9. Analy-

9/7 017 1/7 2/7 3/7 4/7 sis of float trajectories north of 80'15'N shows three distinct

patterns of mnovement (Figure 9) which were related to bottom
topography. The first pattern exhibited by SOFAR floats (N I.
N4, and N9) located between 100 m and 250 mn on the

I! Yerinak Plateau reflects bottom-trapped motion. One of these30 floats (M4) displayed cyclonic motion for almost 30 days over
*or in close proximity to a bathymetric high of about 300 In

* above the surrounding depths, indicating trapping of Eli1. The
\IL 15 m two other floats appeared to be located within an intervening

I 800-rn-deep saddle and cycled between two local highs, indi-
* ~cating weak mean advection and vorticity below 100 mn. The

*cyclonic motion therefore disagrees with the expected anti-
Ut 10 m cyclonic motion over topographic highs obtained through* ~ conseration of potential vorticity.

Ng defines a trajectory possessing moire steady drift to the
:50 north with the branch of AW entering the Arctic along the

:50 slope of the Yermak Plateau. Small east-west oscillations (at
.3Oc~sectidal frequencies) are very common and may become large

3-0 rý I se Cenough to shift a float into the region of trapped motion over
-4 the Yermak Plateau.49 . q92 193. IS.. * 96. 496 Further west, larger meandering patterns are observed

Fig. 5. 1a) Schematic interpretations of the July 9 SAR and the (Plate 5a). (Plate 5 is shown here in black and white. The color
July 14 and 16 SLAR mosaics. The main ice edge is hatched, and the version can be found in the separate color section in this
dotted regions indicate areas with small floes. The trajectories Or issue.) The SOFAR float trajectories within this region (N2,
Argos buoy 5071 (solid dots). buoy 3062 (solid squares).. and buoyI 50M (solid dots) are shown. Arrows indicate geostrophic flow of AW N7, and partly N1011 suggest that the larger-scale meandering

lOpen) and ice and PW (solid). (b) Absolute current measurements, was associated with curlrent shear and is consistent with CTI)
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Fig. 7. Schematic of the recirculation of AW (ES) together with the bathymetry (depth in hundreds of meters). buoy

trajectories and one CTD section (stippled). Numbers within the arrows indicate depth of Atlantic Water (temperature ofI

40C or more). Depressions and seamounts are shown by heavy and light dotted areas, respctvely,. I
observations and calculated dynamic height, which showed a with level of no motion at the surface are shown in Figures
nearly occluded meander. The meander core was AW. This l0c-l0f. The 2.5°C isotherm rises abruptly from an undis-
meander later evolved to form a cyclonic eddy (E12) as can be turbed mean depth of 2.50 m to nearly 50 m in the eddy center, m

seen in the closed loop patterns of the two floats and in data leading to a separation of the AW into a core on each side. In I
from independently drifting Cyclesondes (Plates 5b and 5c) contrast, the 34.9%0~ isohaline is depressed from a depth of 75
that bounded the feature over a 2-week period starting July 1 m at the rim of the eddy to 123 m in the center. I
(Manley et a!., 1986J. Ice kinematic studies from SAR mosaics in the surface layer a lens of cold (< 2.5'C) and fresh I
[Shuchnmw et al., 1986, also unpublished manuscript, 19861 ( <34.4%o) PW with a thickness of 25 m and a width of 10 km
also showed consistent cyclonic ice motion directly above this indicates inward radial motion and convergence as a result of
feature. The surface drift pattern of two Argo. buoys deployed friction between the eddy and the overlying ice and PW. The 3
on ice floes confirmed the presence of the cyclonic eddy with corresponding density structure (Figure l0e) shows a depres-
an average orbital speed of the order of 10 cm s- t. sion of the upper layer isopycnals with reversing isopycnal

The temperature and salinity transect of this feature (Plates slope below approximately 125 m. Thus the geostrophic flow
5b and 5c) with a horizontal resolution of one profile every 30 shows cyclonic orbital motion with subsurface maximum of 20 •1
min was obtained by the southward drifting Cyclesorde as it cm s ' at 125 in, located roughly 5 km off the eddy center. I
passed near the meander core of AW (Plate Sa). The position Except for the horizontal scale of this eddy feature., the surface
of the meander was also found to coincide with a spur/trough lens structure located over the interior dome is in basic agree-
topographic feature of similar spatial scale on the western ment with the eddy structure frequently observed south of I
flank of the Yermak Plateau (Figure 9) and may suggest fur- 79 N. The structure and behavior of this eddy feature lead us
ther involvement of bottom topography in the mesoscale cy- to believe that this is an eddy in the AW advected northward
clonic eddy circulation in E12. with the WSC, which encountered the ice edge, leading to

Off the ice edge a mesoscale eddy (El3) having a diameter eddy-ice edge interaction as is shown schematically in Figureof 15-20 km was mapped by R/V Hdkon Mo0by over a 10-day I1.
period from June 18 to 29, 1984 (Figures c 0a--1la ). For the From the first observation of the feature on June 1o at the
first 3 days of this period a strong, persistent northeasterly ice edge until June 26, the eddy center moved into the open
windofl0-omsoe blewpalmost paralleltothe iceedge with ocean at 5 km dt in an easterly direction. Ie and PW
the ice to the right. The circular structure of the eddy is clearly trapped in the eddy during the eddy-ice interaction phase were
evident in the depth variatiotns of the 2.5°C isotherm and 35id consequently transported into warmer water by the eddy
isohaline (Figures lOa and lOb). Vertical east-west cros sec. propagation. In contrast to the weak eddy movement, the ice I
tions of temperature, salinity, density, and geostrophic speed edge retreated 50 km northward over a 4-day period owing to

I
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strong southerly winds of 15 m s-' beginning on June 24. 81°N during MIZEX '83 and MIZEX '84 are discussed. ThenFrom June 26 to 29 the eddy center moved eastward at 1 km the vorticity balance and energetics for a few selected eddiesd'. After this period no evidence of the eddy feature was are analyzed. Finally, the importance of eddy-induced ab-

found, indicating a decay time of 10 days. lation for ice melt and retreat is quantified.
Exploratory eddy mapping between June 27 and 29, 1984

using helicopter CTD casts below the interior ice on the east 3.1. Eddy Sources
Greenland slope region showed a cyclonic eddy E14 (Figures The general oceanographic and meteorological conditions
12a and 12b). This eddy with a geostrophic speed of 15-20 cm in Fram Strait allow several eddy sources to be present on a
s-' and a scale of 20-30 km was located directly south of the near-permanent basis. For 7 of the 14 eddies, generation by a
Ob bank, as is shown in the dynamic height contours (Figure mixture of several sources is suggested. The generation of the
12a). In comparison, the vertical cross section of temperature, others is explained by one single mechanism. Five sources
salinity, and density show an eddy about 200 m deep, and leading to eddy formation can be identified:
with a core more saline and denser (0.78 a, units) than the 1. The necessary condition for barotropic instability is thesurrounding water (Figure 12b). existence of an inflexion point in the horizontal current profile

[Pedlosky, 1979]. During MIZEX '84 the presence of an ice
3. DtSCUSSiON edge jet in the EGC was inferred from ice floe tracking in

In this section the sources and characteristics of the 14 sequential AVHRR and SAR images and from Argos drifting
eddies (El-E14) identified in Fram Strait between 78*N and buoys [MIZEX Group, 1986]. Vrje and Fimekdsa (1986]I
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have also documented the existence or this jet. Moreover, a round in Fram Strait during MIZEX '84, both an deep water
horizontal current shear between the EGC and recirculated in the central part or the strait and in shallow water on the •b
AW was observed south of 790N. Less horizontal sher was Yermak Plateau.
found in the northern region of the strait. However, oc- 4. Open ocean eddies present in the AW (Plate 2) are

casionally the strength of this jet and shear can increase sig- advected toward the meltwater front and the ice edge. This
nificantly owing to wind forcing [Johannessen et at, 1983]. will lead to interaction that can develop iD.o ice edge eddies.
Inflection points may be present in these shear zones, on both Furthermore, the fluid parcels must conserve potential vorti-
sides of the velocity maximum. This implies that kinetic city along their path; as the AW is forced under the ice and
energy can be provided to eddies through barotropic insta- PW, the core depth and relative distance between isopycnals
bility, favoring cyclonic eddies at the ice edge and anticyclonic increases, and so too must the relative vorticity. This may
eddies towards the ice interior, enhance formation of cyclonic eddies along the meltwater

2. A vertical shear between the wedge-shaped EGC and front and the ice edge.
recirculated AW also exists. In addition, a baroclinic current 5. Lastly, upper ocean eddies due to wind-induced differ-

regime in the upper ocean in the vicinity of the ice edge may ential Ekman pumping along a meandering ice edge
be caused or enhanced by the wind driven ice edge jet as [Hakkinen, 1986] have not been directly observed. However,
suggested in a numerical model by Reed and O'Brien [1983] use of Fram Strait summer conditions with a mixed layer
and observed by Johannessen et al. [1983]. Potential energy is depth of 25 m and an ice edge with meanders of 20-40 km in I
therefore available. In cases when the ratio of the first internal this model leads to formation of shallow upper layer eddies.
Rossby deformation radius (R, -= I(N/f), i.e., the product of Table 2 summarized the characteristics for the 14 eddies El
the vertical scale h and the ratio of Brunt-Vs frequency N to E14. They are labeled as open ocean eddies (O), ice edge

to the Coriolis parameter f) to the width of the jet (L) is less eddies (1), under ice eddies (U) or subsurface eddies (S). Table I
than or equal to O(1), perturbations grow through baroclinic 2 includes information on water depth, rotation, horizontal
instability (Phillips, 1954, Pedlosky, 1979]. This argument was and vertical scale, maximum orbital speed versus depth, prop-
used by Wadhams and Squire [1983] to conclude that the aption, typical vertical structure, and inferred eddy sources.

"Ymer" vortex in the EGC was generated by baroclinic insta- Eddies were detected in both deep and shallow water rang-
bility. Thus, eddy sources 1 and 2 suggest that in the frontal ing from 5500 m to 250 m. Twelve of the 14 eddies were
regime of the EGC, baroclinic and barotropic processes com- cyclonic. The mean eddy radius was 15 km ± 5 km, the only
bine to form mesoscale eddies. exception being E5 with a radius of 50 km. In comparison, the I

3. Evidence of eddies generated by topographic steering internal Rossby deformation radius R, ranged between 3 and
and trapping due to conservation of potential vorticity is also 5 km in the MIZ. The maximum observed orbital speed versus I
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0 2 W 1 0 1 2 3 4 E 5 should propagate anticyclonically around the Yermak Pla-
8o100 teau. On the other hand, the mean cross-isobath advection

toward increasing depth obtained the last 15 days displayed
cyclonic orbital motion in agreement with the conservation of
potential vorticity argument.

The relative importance of the six major bathymetric fea-
tures in the central Fram Strait (see Figure 7) when applied in

the expression for potential vorticity in a barotropic ocean on
anfplane (; = [(H - H0 ),/H 0]*f1 is given in Table 3. H, is the

mean depth of the large depression of about 3000 m. and H is

80.3 803 the depth or height of the individual features. As may be
N expected, the table documents that the major increase in posi-

28 25tive relative vorticity results from the Molloy Deep, exceeding
32 the largest increase in negative relative vorticity resulting from

-5 00 the seamount sited immediately north of Molloy Deep by
0 0s more than 50%.

- o60 In numerical models the initial flow interaction with a topo-
00o 9o graphic feature leads to the generation of a pair of eddies

o0 [Huppert and Bryan, 1976; Verron and Le Prorost. 19851.
Later, a Taylor column may propagate downstream from the

2.0 20 60 generation site dependent on the inverse Froude number

2.1 a5 Nh./U (the Brunt-Va1isali frequency N, the height of the
20so topographic feature h., and the background advection U). For

100 84 typical mean values in the Molloy Deep region. this number is
30 oas of the Order of 10 (Smith et al., 1984], and the eddies will

-1 92 remain trapped. However, occasionally the number may de-
w crease toward 2 for relatively strong pulsatii.n of the mean

321 at 19 current. U, of 50 cm s- I az was observed by Vinje and• ,200

7uLy 8 July 9 Juy, Finnekdsa [1986]. This will lead to downstream advection of
eddies. Consequently, this source (source 3) must be accounted

Plate 5. (a) SOFAR float trajectories of N2 and N7. together with for in the mixture of generation mechanisms for the eddies El
surface dynamic height 1contour interval of 10 dyn cm) and drift track E4 located downstream of the complicated topographic
of the Cyclesonde, with corresponding (b) temperature and (c) salinity
structure from the Cyclesonde section. (The color version of this region in the central part of the strait. The distance from

figure can be found in the separate color section in this issue.) Molloy Deep to El (from July 4 to 16) of about 50 km fur
thermore agrees with the predicted downstream wavelength to
the crest of the first and largest standing wave (lee wave) from

depth was 40 cm s ' at 50 m in El, while the deepest maxi- a deflection region obtained in the tank model by Narimousa
mum of 20 cm s-' was found at 125 m for eddy E13. These and Maxworthy [1986]. Their results further showed that

eddies are thus not categorized as submesoscale coherent vor- sometimes this standing wave became unstable and allowed a
tices (SCV). which by definition have horizontal scales of lrss cyclone to pinch off from the crest. The finding of E2 about 50
than the internal Rossby radius R. as well as subsurface Lr- km downstream of El is also in agreement with these tank
bital velocity maxima [McWilliams, 1985]. The propagation results.
speed ranged from I to 15 km d- I for El, and from I to 5 km The observed circulation in the frontal region immediately

d- I for E2 to E4 and El 3. while the seven eddies E5 to El I south of 79'N is quasi-permanently cyclonically curved. This
remained trapped owing to bathymetric steering, favors generation of cyclonic eddies [McWilliams. 1985] in

Table 2 suggests that the trapped eddies are generated by agreement with El to E4. These eddies are suggested to be
vorticity stretching due to flow interaction with topography generated primarily by the mixture of sources I and 2. as is

(source 3) such that the cyclonic eddies (E5, E6. E8, and E10) usually the case for frontal instabilities, and since a branch of
are found over topographic depressions and the anticyclonic the AW recirculates at 79°N, source 4 may also occur. The

eddies (E7 and E9) are found over topographic highs. E5 is subsidence of the AW underneath the ice and PW in the EGC
further enhanced by source 4. The combined effect of these six releases positive relative vorticity through density stretching.
eddies can be viewed as a system with five small -gear wheels," T-S relationships display this density stretching. Density

E6 to E10. encle-ed by a large gear wheel E5. The source ol stretching in meanders is also observed with RAFOS floats in

the trapped edd) El ) located o'er the seamount on the the Gulf Stream rRossby et al.. 1985]. However, trapped

Yermak Plateau (Figure 9) is less obvious, especially for the eddies (source 3) may occasionally be advected downstream

first 15 days. The SOFAR float deployed at 265 m displayed from the Molloy Deep region in response to strong pulsation
cyclonic orbital motion with speed ranging from 5 to 10 cm of the mean current, while standing lee waves formed down-
s- I despite the anticyclonic motion expected from conser- stream of Molloy Deep may also become unstable and pinch

vation of potential voi icity over a local high when the mean off eddies. Paquette et al. [1985] report on observations of a
background vorticity is zero. It is also in disagreement with cyclonic eddy in this region with structure and scales in com-

Hunkins' (1986] suggestion that tidal rectified vorticity waves parison with El during a field experiment in 1931. They also

I
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fidthat other historical data in the region show a similar into the central part of Fram Strait associated with ES leads
eddy feature. to a near-permanent meanderlike ice configuration (see Plate

The importance of the last eddy source (source 5) atrising 2). Eddies ame frequently found in the vicinity of the crest of
from differenitial Ekman pumping along a meandering ice edge this meander (ElI to E4 and E12). The weather maps and wind
CHiicknmn 19861 needs also to be clarified. Thbe ice advected curve shown in Figure 2 also show that along ice edge winds
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proximated by
Frontal Zone orice edgeD dr -( 7 p jrrM lr e:) + jp e: I r r it 'r +I) = 0

ASW where r and p are the mean horizontal speed and density, and

I\- AW 30 Km the vertical velocity is negligible in comparison with I. and
"�I derivatives in azimuthal directions are much smaller than

those in radiai uirmtlons. The inner parenthesis of the second
term contains the relative and planetary vorticity terms multi-

Frontok Zone plied by the density stratification. while the first term accounts
for the radial vorticity. In Table 4 these source terms are
quantified in order of magnitude.

,, -- Apparently. for all four eddies most of the adjustment is in

SA 1 -SW the second term. Thus in order for a fluid parcel to conserveSAW potential vorticity. an increase in relative vorticity associated
with the cyclonic turn must be accompanied by a stretching of

F Zone isopycnals. Water parcels will thereby downwell along density
surfaces as they are advected cyclonically through the feature.

(1) ASW 3.3. Energerics

4oy3"Z AW The supply of kinetic energy through barotropic instability1 AS*arises from Reynolds stresses working against the mean hori-

zontal velocity gradient [Pedloskr. 1979], i.e., E. = -u'r'•r'x. where u'. r' are the perturbation velocities. A correspond-

Fig. II. Schematic of the interaction of the open ocean eddy (E13) ing e re ssionC for th e p o te nti e rgyo resp d

withthe ce ege.ing expression for the available potential energy released
with the iceedge. through baroclinic instability is EP = -g pN)2(u'p'pixl).

showing that the potential energy arises through the advection
of density perturbation across the mean horizontal density

with the ice to the right when looking downwind were gradient. Following Thomson [1984] the relative importance

common, providing favorable conditions for source 5 to gen- of these two source terms is scaled as
crate upper ocean eddies. On the other hand, the large vertical
scale of these eddies of O(102_103 m) cannL be explained in S = EP/EA = (fg/N 2 Xp', poXL/H)tr' = 

2(p'r I 1 (2)

this way. for realistic input values (in inks units) off-= 1.4 x 10-+ s -.
Finally, the detailed sampling in some of these eddies sug- g = 10 m s-, N' = 3 x 10-s S-2, Po = 103 kg m- 3 . L = 20

gested that the vertical eddy structure can be divided in two kin. and H = 500 m. and % alues of p' and r' of 0. 1 kg m - ' and
categories: (1) eddies with a surface lens and interior dome 0.2 m s- I at the depth of maximum orbital speed Isee Figures

structure leading to a reversal in the slope of the isopycnals, in 4 and 6). Alternatively. using the thermal wind relationship of
general representative of the ice edge eddies, and (2) eddies the perturbation (fr'IH ý: p'g;p0 L) this ratio can be written
with either upward displacement (dome structure) or down- S = (fIN)2 IL/H)", which also equals 1. Equal contributions of
ward displacement (depression) of isopycnals only. Analytical 50% from the potential and the kinetic energy exchange from

studies of joint upper ocean eddies consisting of a lens on top the mean to the -perturbation" eddy field are thus expected.
of a cyclonic vortex overlying an infinite deep have recently In comrarison, similar scaling applied to a Gulf Stream ring
been made by Nof (1985]. He finds that the self-propagation [Thomson, 1984] indicates that 90% of the energy exchange is
of these joint upper ocean eddies is eastward when the cyclon- associated with the baroclinic term.

ic vortex is weak and westward when the cyclonic vortex is The mean available potential energy (APE) and kinetic
strong. This is in basic agreement with the observation of E13 energy IKE) in El was also roughly calculated using the CTD
in category I, which propagated eastward at a maximum of 5 data shown in Figure 4 with the assumption that the eddy was

kmn'd- =. The comparison with other eddies in category I is symmetric. From Olson (1980] the APE is estimated using the
less satisfactory, since they are located in regions with rela- integral
tively strong background circulation that dominates the eddy
propagation. APE y, g,2 (epie:Xh, - h,)' d: dr (3)

ioo3.2. Vorticity Balance
Scaling of the potential voflicity equation for a stratified where h, is the depth of the density surface in the eddy and k,

ocaling enab the poteltive imortancefthe eu ation terms srifd is the reference depth of the same surface. The kinetic energiesIcean enables the relative importance of the various terms are estimated using
the dynamic relationship of the eddies to be quantified and

analysed. El. E12. E13. and E14 were selected for this study. KE - °f 2 g ' d: dr (4)
The CTD data and current meter data are used in the calcula- KE J r00

tions. The ageostrophic effect (friction) that leads to surface
convergence in several of the ice edge eddies is neglected in where the velocities are calculated from the gradient current
this scaling argument. balance with input of calculated geostrophic speed, and with

In accordance with Olson [1980] the potential vorticity no account of the barotropic eddy speed. The integration is

equation in cylindrical coordinates on an f plane can be ap- from the surface to the general CTD sampling depth of 500 m.

I
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crossing the Ob bank. bathymetry (contour interval of 200 m) and CTD station positions (solid dots). (b) Temperature.
salinity, and density structure from C'TD section (stations marked at top of section).

In contrast to the result of formula (2). the ratio of available 3.4. Eddy'-Iiduced Ablation

potential energy to kinetic energy in El is 5, with peak APE The abundant eddies along the ice edge not only advect

and KE both located approximately t0 km off the center, warm AW beneath the ice but also sweep ice and PW out

Complete agreement is not necessarily expected between the away from the pack into warmer AW. Both of these processe

ratio of potential and kinetic energy transfer and the ratio of greatly accelerate ice ablation by bringing warm water into

potential and kinetic energy distribution. On the other hand, if contact with the ice. in these conditions, the bottom ablation.

a rough estimate of the KE contribution from deeper water as measured during MIZEX '83 and MiZEX '84 rJosbergar.
Ibarotropic speed • 0.10 m 5- t ot eddy El) is accounted for, this issue] attains values from 0.23 to 0.5 m d" compared to

the ratio (APE/KE) decreases to approximately 2. in closer 0.02-0.02 m d - for the interior ice pack.
agreement with the results obtained from the scaling argument To estimate the effect of eddy heat transport on the ice edge,

using formula (2). consider the following simple case. A se'ei of eddies '. *en-
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TABLE 2. Characteristics of the 14 Eddies. El-E14

Water Vertical Maximum
Depth. Radius. Scale. Speed,'Depth. Propagation.

Eddy m Rotation km m cm s - ' 'm km d -` Structure Source

El 0I) 2400 cyclonic 15 1000 40/50 1-15 surface lens,' 1. 2 (3)
interior dome

E2 (i) 2400 cyclonic 15 I-5 I. 2 (3)
E3 10) 2600 cyclonic 15 >500 40/0 I-5 dome 1.2 (3)
E4 (0) 2400 cyclonic 20 > 500 30/0 I-5 1, 2 (3)

79 -80 N
E5 3000 cyclonic 50 1000 trapped 3. 4
E6 (I. S) 5500 cyclonic 20 5400 trapped depression 3
E7 (I. S) 1400 anticyclonic Is 1300 trapped dome 3
E8 (1, SI 4000 cyclonic 15 3900 trapped depression 3
E9 (I. SI 3000 anticyclonic is 2800 trapped dome 3
EIO (S) 4500 cyclonic 15 4300 trapped depression 3

North of 80 N
El I (U) 500 cyclonic 10 300 trapped 3
E12 (U) 2000 cyclonic 15 > 200 10/0 negligible 4
E13 (0) 1200 cyclonic 10 400 201125 I-5 surface lens, 4

interior dome
El14 (U) 250 cyclonic Is 200 20,'0 dome 1. 211The maximum orbital speed is either geostrophically calculated or directly measured. Eddy types are

as follows: 0. open ocean eddy; 1. ice edge eddy: U. under ice eddy: S. subsurface eddy.

tered along the ice edge, the eddy centers are separated by a Mesoscale eddies are found both in shallow water wit
distance I, and each eddy has a radius r. Then the eddy will depths of several hundred meters and in deep water wit
bring nr 2.'2 m2 of ice in contact with warm water or 3--4C. depths of several thousand meters and have typical scales (
If the ice is h m thick and melts at w m d- I, then the average 30-40 km. The majority of the eddies rotate cyclonically wit]

retreat of the ice edge of the distance I is given by maximum orbital speed, in some cases subsurface, of approxi
(wxr2)/(21h) (5) mately 40 cm s'. Observations further suggest that the edd'

propagation is dominated by the advection within the back
For typical MIZ values. r - 15 km, h = 1.5 km, I = 50 km, the ground mean flow reaching up to 15 km d- I. and that th,
ice edge melt will be about I to 2 km d- i. eddy lifetime is at least 20-30 days.

Additional effects include weakening of the ice which makes Five independent ice-ocean eddy sources are present. Th,
it more susceptible to destruction by floe collisions and surface topographically controlled eddies are basically formed by con
wave breakup. The fact that only ice floes approximately 200 servation of potential vorticity as the barotropic flow compo
rm across and never large floes (> 1 kin) are observed in the nent interacts with the bathymetry. Occasionally. thes
eddies substantiates the importance of this process. The re- trapped eddies may be advected dowastream in response ti
duced ice concentration in the eddies increases the absorption strong pulsation of the mean current. However, the transien

of solar radiation, replacing the heat lost by melting. The eddies along the frontal zone and ice edge are primaril,
relatively small ice floes in eddies also have greater ratios of formed by a mixture of barotropic and barocinic instabilit)
lateral area to bottom area than do larger floes, hence lateral Additionally, the abundance of eddies along the ice edge ma,
ablation becomes important. increase owing to interaction of AW eddies with the ice edg

and vorticity stretching as the AW is forced under the PW. a
4. CONCLUSIONS well as owing to differential Ekman pumping.

Observations and interpretations of the summer MIZEX The major terms in the vorticity balance estimated for sev
"83-MIZEX '84 eddy investigation in Fram Strait between eral of the best sampled eddies are associated with the stretch
Svalbard and Greenland lead to the following conclusions: ing of isopycnals and the accompanying changes in the radio

shear in combination with the Coriolis parameter. In compari
son the contribution from the first term in equation (1) is a
least an order of magnitude les which indicates the relativ

TABLE 3. Conservation of Potential Vorticity Relative to the Six importance of these terms in modeling. However, the ice conMajor Topographic Features in Central Fram Strait Shown in fl~~
M Figure 7 vergence in the center of the eddies indicates that the frictionsforces, not included in the vorticity equation, must also b

H. H - H0 , considered in modeling
Feature m mi The energy distribution in the eddy feature EI indicate

Depression I 4500 150 0._f that the available potential energy exceeds the kinetic energ

Depression 2 3600 600 o.2" by a factor of about 2. However, the data did not allow th

Depression 3 5500 2500 0.g3f temporal decrease in the APE. and thus eddy decay or spit
(Molloy Deep) down, to be quantified. Furthermore, the abundance or thSeamount I 1500 - 1500 -0.Sf eddies also suggests that energy transer by eddy-eddy interac

Seamount 2 1500 - 1500 -0.Sf tion is important and must be included in modeling.
Seamount 3 1400 -1600 -0.53f The abundance of eddies enhanm the ablation duhn
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TABLE 4. Quantification of Source Terms in Equation of Potential Vorticity on af Plane

Maximum Vertical
Radius. Speed. Scale, ep, r, p e:. O.wt,,r + t'/r, evi':, f, Term 1. Term 2.

Eddy km ms-, m kgm'- kgm'-' s- s-1 s-1 kg m '- s-1 kgsm '- s-'

El 15 0.40 1000 0.5 x 10' 2.0 x 10' 0.3 x 10' 0.4 x 10-2 1.4 x 10' 2.0 x 10- 30.0 x 10-
E12 15 0.10 >200 0.5 x 10-* 1.0 x 10- 0.1 x 10-' 0.05 x 10-2 1.4 x 10-' 0.25 x 10- 10.0 x 10-
E13 7 0.20 400 0.4 x 10' 4.0 x 10' 0.3 x 10' 0.2 x 10-: 1.4 x 10-' 0.8 x 10- 70.0 x 10--
E14 15 0.20 200 0.3 x 10' 1.5 x 102 0.2 x 10' 0.2 x 102 1.4 x 10' 0.6 x 10' 20.0 x 10-"

Term I. (p crl(ct e:). Term 2. 1t# (:-v r + Or 'r +f).

summer by 1-2 km of ice edge melt per day, and is a thermo- Olson. D. B.. The physical oceanography of two rings observed by the

dynamic process which needs to be included in ice edge mod- Cyclonic Ring Experiment. Ii. Dynamics, J. Phys. Oceanogr.. 10.
514-528. 1980.eling. Paquette, R. G.. R. Bourke. J. F. Newton. and W. Perdue. The east

Greenland polar front in autumn. J. Geophys. Res.. 90. 4866-4882.
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Plate I [Johannessen et al.]. Aerial photograph of the 20- toU 580 on June 30, 1984.

40-km ice edge eddy El centered at 794N, 23(YW taken from the CV
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Plate 2 [Johannassen et .1.]. NOAA satellite AVHRR image (combined Ii and vuaual) from July 1, 1934. The

temperature color scale an the ocean ranges from blue (0C) to yellow (4C). The albedo pay scale of the ice rang. from
black (ice edge) to white (ice pack). aouda west of Svalbard are alac white. (This image waa proesued at ChristianU N4achelaens Institute, Dergen. Norway, by K. Kloeter.)

I
I
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3 Multisensor Comparison of Ice Concentration Estimates in the
Marginal Ice Zone

5 B. A. BURNS.' D. J. CAVALIERI,2 M. R. KELLER. 3 
W. J. CAMPBELL. 4 T. C. GRENFELL.5

G. A. MWYKUT." AND P. GLOERSEN 2

Aircraft remote sensing data collected during the 1984 summer Marginal Ice Zone Experiment in the
Fram Strait are used to compare ice concentration estimates derived from synthetic aperture radarfSAR) imagery., passive microwave imagery at several frequencies. aerial photography. and spectral
photometer data. The comparison is carried out not only to evaluate SAR performance against more
established techniques but also to investigate how ice surface conditions, imaging geometry, and
choice of algorithm parameters affect estimates made by each sensor. Active and passive microwave
sensor estimates of ice concentration derived using similar algorithms show an rms difference of 13%.
Agreement between each microwave sensor and near-simultaneous aerial photography is approxi-
mately the same (14%). The availability of high-resolution microwave imagery makes it possible to
ascribe the discrepancies in the concentration estimates to variations in ice surface signatures in the
scene.

INTRODUCTION passive sensors for deriving sea ice concentration informa-
Early aircraft experiments demonstrated the potential of tion poses three key questions. First, do the two kinds of

passive microwave sensors to discriminate between ice-free sensors provide comparable estimates of ice concentration?
ocean and ice-covered waters [ Wilheit et al., 1972: Gloersen Second. do different sensor resolutions significantly affect
et al., 1973, 1974] and eventually led to the development of concentration estimates? And, third, to what degree can
satellite passive microwave imagers. Since 1972. these im- observed discrepancies be attributed to the different re-
agers have been providing a quantitative measure of sea ice sponse of each sensor to ice surface conditions, especially
concentration from the electrically scanning microwave ra- those found in the marginal ice zone (MIZ)? Recently. a
diometer (ESMR) on the Nimbus 5 spacecraft launched in comparison between sea ice concentrations obtained with
December 1972 [Zwally et al.. 1983; Parkinson et al.. 19871 the Nimbus 7 SMMR and the shuttle imaging radar B
and more recently from the scanning multichannel micro- (SIR-B) over nearly coincident scenes in the MIZ of the
wave radiometer (SMMR) flown on both the Seasat and Weddell Sea suggests that indeed passive and active systems
Nimbus 7 spacecraft [Cavalieri et al., 1984]. do provide similar sea ice concentrations [Martin et al.. this

The use of satellite-borne active microwave systems for issue].
monitoring polar sea ice has not progressed as rapidly, In this study we attempt to address these questions
although they do provide a considerably greater spatial through a comparison of sea ice concentrations derived from
resolution delineating individual floes and leads. This is both active and passive sensors flown on aircraft during the
especially true of synthetic aperture radar (SAR) systems Greenland Sea Marginal Ice Zone Experiment in June and
which utilize a technique of discriminating individual reso- July 1984 (MIZEX East "84). In contrast to the study by
lution cells within the field of view according to range and Martin et al. (this issue], this data set covers a full range of
Doppler-shifted returns. As with the passive microwave ice concentrations and provides spatial resolutions which
sensors, aircraft flights [e.g., Campbell et al., 1978. 1980; allow for the discrimination of individual floes in both the
Gray et al.. 1982] have demonstrated the utility of using SAR radar and radiometer data. This higher spatial resolution
systems for studying and monitoring sea ice variability, permits an evaluation of the ice concentration discrepancies
Although there have been numerous comparative studies of based on the radiometric brightness and radar backscatter
active and passive microwave sea ice signatures [e.g., Gray variability of individual floes. Furthermore, these data were
et at.. 1982]. there has not been a quantitative comparison of collected during a period of clear weather, thus providing the
sea ice concentration estimates from coincident active and opportunity not only to compare active and passive micro-
passive microwave observations. The use of both active and wave sensor estimates, but also to compare both to esti-

mates obtained from aerial photography and spectral pho-
tometry.

'Radar Science Laboratory. Environmental Research Institute of This paper presents an analysis of only part of this data set
Michigan. Ann Arbor. in an effort to evaluate the ability of different sensors.

'Goddard Laboratory for Oceans, NASA Goddard Space Flight especially the radar, to obtain sea ice concentration esti-Center, Greenbelt. Maryland.eseilyterdrtootisaiccnetainet-
'Naval Research Laboratory. Washington. D. C. mates. The study has three main objectives: first, to compare
"U S. Geological Surgery, University of Puget Sound, Tacoma, the sea ice concentration estimates from each of the sensors,

Washington. especially the microwave sensors, in the MIZ during sum-
5Department of Atmospheric Sciences. University of Washing- mer. second, to look for trends in the level of agreement aston. Seattle. a function of ice field characteristics and sensor parameters:
Copyright 107 by the American Geophysical Union. and third, to identify reasons for discrepancies. The next

Paper number 7C0248. section summarizes the sensors and provides a description
0148-0227/87/007C-024S$05.00 of the algorithms used for extracting sea ice concentration.

* 6843
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TABLE I. Sensor Description Summary

Aircraft Sensor Frequency. Polarization Resolution
NRL P-3 PMI: passive microwave imager, 90 GHz. equivalent nadir 67 m at 7.6 kmin 10

"±45° scan m at 1.2 km
NASA CV-990 AMMS: advanced microwave mois- 92 GHz 340 m at 10.2 km

ture sounder. t45' scan (nadir) I
ESMR: electrically scanning micro- 19.35 GHz. equivalent nadir 500 In at 10.2 km

wave radiometer (imager). =50* (nadir)
scan

AMMR: aircraft multichannel micro- 18 and 37 GHz. H and V 1450 m at 10.2 km
wave radiometer

AP-990: aerial photography, KS-87B 1.1 m at 10.2 km
metric camera (nominal)

CCRS CV-580 SAR: synthetic aperture radar 9.4 GHz. HA 3 mI
AP-580: aerial photography. 35-mm 2.8 m at 6.7 km I

camera (nominal)
Polarqueen SP: spectral photometer 500, 650. and 1000 nm 4000 m at I kmhelicopter I
This is followed by an intercomparison of the derived angular resolution at nadir is 2.8*, giving a spatial resolution
concentrations and a discussion of the results. Finally, a of one twentieth of altitude. Although the radiometer mea-
summary of the key results is presented and implications for sures the horizontally polarized component of the radiance,f!
future active and passive satellite sensors are discussed. the radiances are reduced to equivalent nadir values to

eliminate the variations due to a varying angle of incidence
SENSOR AND ALGORITHM DESCRIPTION with scan angle. The radiances expressed as brightness I

The aircraft sensors used in the study are described in this temperatures vary from about 120 K over ice-free ocean to
section. This is followed by a discussion of the physical basis about 260 K over consolidated ice. The AMMR operates at
for estimating sea ice concentrations from the active and 10.7, 18, 21, and 37 GHz viewing at 450 to the right of nadir.
passive microwave sensors. The algorithms used with both All the radiometers except 21 GHz are dual-polarized; the 21
microwave and visible data are then described. GHz radiometer measures vertical polarization only. All the

A brief description of the aircraft sensors is presented in AMMR radiometers have antennae with 6° beam widths. At
Table 1. Note that aerial photography was collected simul- the 450 view angle this produces a resolution of one seventh
taneously with microwave data on both the NASA CV-990 of altitude along the flight direction and one fifth of altitude
and Canada Centre for Remote Sensing (CCRS) CV-580 perpendicular to the flight track.
aircraft. The ensemble of aircraft microwave remote sensors The passive microwave imager (PMD carried onboard the
described in Table I is similar to that which will be available Naval Research Laboratory (NRL) P-3 aircraft is a 90-GHz 1
when the European Space Agency's remote-sensing satellite total power radiometer. The PMI has a 1 beamwidth and a
ERS I and the next Department of Defense DMSP (Defense resolution of 1/120 of the aircraft altitude. The radiometer
Meterological Satellite Program) satellite become opera- collects energy of mixed polarization which varies with look
tional [European Space Agency, 1985]. The SAR and special angle. Typical T8 values range from 205 K for water at nadir
senror microwave imager (SSM/I) on these satellites will to 250 K for wet ice. U
provide data at resolutions of 33 m and 12.5 km, respec- The Environmental Research Institute of Michigan
tively, and at frequencies of 5.3 GHz for the SAR and 19.35, (ERIM) synthetic aperture radar operated from the CCRS I
22, 37 and 85 GHz for the SSM/I. The range of frequencies CV-580 aircraft has the capability to receive dual polariza- I
is similar to those of the sensors considered here as well as tions (HH and HV or VV and VH) while operating at two of
the relative resolutions (a factor of approximately 400 be- three possible frequencies: 1.2 GHz, 5.3 GHz, and 9.4 GHz.
tween the ERS I SAR and the SSM/I versus 200 between the The imagery has a resolution of 3 m independent of aircraft I
aircraft SAR and the ESMR). altitude. During the MIZEX flights, data were collected at a I

range of incidence angles where the backscatter response
Sensor Descriptions changes slowly so as to assure a uniform appearance to the

The NASA CV-990 aircraft carried three of the passive imagery. The geometric distortion inherent in side-looking I
microwave sensors operated during MIZEX '84: the ad- radar imagery was rectified prior to comparison with the l
vanced microwave moisture sounder (AMMS), the ESMR, passive imagery. The 9.4 GHz. HH polarization data, which
and the aircraft multichannel microwave radiometer showed the highest contrast between sea ice and icemfree
(AMMR). The AMMS is a mechanically scanning imaging water (approximately 8 dB), were used in this study.
microwave radiometer. It operates at 92 GHz and at three
frequencies separated by 2, 5, and 9 GHz from the 183-GHz Physical Basis for Estimates
water vapor line. Very little surface information is provided The physical basis for estimating sea ice concentration I
at 183 GHz because of the high atmospheric opacity over the from passive microwave radiance data stems from the large
MIZ. The AMMS has a 2° beam width at 92 GHz and a contrast in microwave emission between sea ice and open
resolution at nadir of one thirtieth of the aircraft altitude, water. In addition, the spectral variation of microwave
The brightness temperature T,8 at 92 GHz varies from about emissivity differs for the different ice types which are asso-
210 K over ice-free water to about 260 K over consolidated ciated generally with ice age. These variations are illustrated I
ice. The ESMR operates at a frequency of 19.35 GHz. The in Figure I. Figure la shows the microwave spectra of 1
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10- Figure Ib indicate that in summer wet snow cover on the sea
SVERTICAL ice masks ice types for higher microwave frequencies. The

9 wet surface acts as a black body. with a high level of
Lemission regardless of ice type. The emissivities for both

08-, multiyear and first-year ice resemble that for winter first-
year ice. making it difficult to differentiate ice types. Also.

07, under certain atmospheric conditions, the surface of the wet
snow can refreeze. forming a surface crust. The crust lowers

S06 A - emissions at shorter microwave wavelengths owing to vol-
"",•-•- ume scattering losses and results in first-year and multiyear

05- "4 ice signatures similar to that of winter multiyear ice [Matzler
0. et al.. 19821. Thus surface conditions, not ice type, dominate

04 - r...N !the microwave signature during summer. Any concentra-
tions derived from imagery of summer ice therefore will

03- indicate total ice concentration and will not be differentiated
fa) into first-year and multiyear types. This implies that theS' ' ' 'current multichannel microwave algorithms can be used to

49 104 2 37 94
Fre104ncy (GHz) distinguish first-year and multiyear ice covers only in thewinter months [e.g. Cavalieri er al., 1984].

The derivation of ice concentration from active micro-
wave sensors is based on the differenct in radar cross

1 0 -VERTICAL section between sea ice and open water. Within the MIZ. the
Ha, radar cross section of open water at frequencies around 10

09_ GHz is observed to be much lower than that of the ice
[Onstott and Moore. 19841. Although in winter the open

088 4O% water signature can be confused with that of new (grease) ice
[Gray et al., 1982], in summer little or no new ice is forming.

07 - Figure 2 shows radar cross section data for multiyear ice,
first-year ice, and calm water under both summer and winter

0o6 conditions. These scatterometer data indicate that the radar
0 cross section of open water is on average more than 10 dB

(b)

I' - 10 • "

I ~ ~~~~~Frequency (GHz) •-5"•.•.,..
. 0 --

Fig. I. Microwave emissivity at 50' incidence angle versus 0
frequency for first-year ice (solid line). multiyear ice (dashed line). -25

and cairn water. Triangles indicate theoretical emissivities of calm 30 _a-water. (a) Fall-winter conditions (NORSEX '79). (b) Summer con- -.
ditions (MIZEX '83). [From Matzler et al., 1984]. -s0 0 2 3 0

S 0 2'0 S 0 to 5,0 Fla, 70

4nle of Incifence (•verees)

first-year ice, multiyear ice and calm ocean under winter
conditions with the sea ice having a dry snow cover. These (b
data are based on both surface measurements made during Z
the Norwegian Remote Sensing Experiment (NORSEX) in _ -5
1979 and theoretical calculations. The observations were
made at five frequencies: 4.9, 10.4, 21, 35, and 94 GHz both
for horizontal and vertical polarization. A comparison of the -I -'

six spectra indicates that the emissivity for first-year ice is -2 -

almost independent of frequency, that for multiyear ice 2
decreases with increasing frequency, and that for calm ocean
increases with increasing frequency. Also, the difference -so" .

between the emissivities at vertical and horizontal polariza- -is ______,_, _, __I0 10 20 30 so0 W0 6 70tion is much larger for calm ocean than for either ice type. We of Inc se (DegreesoHowever. there is some evidence that for both ice types the Fig. 2. Average radar cross sections at 9.4 GHz verus ici-

polarization difference decreases somewhat with increasing dence angle for first-year ice (triangles). multiyear ice (circles). and
frequency. calm water (squares). (a) Cold late fall conditions. (b) Summer melt

In contrast to the winter conditions, the spectra shown in conditions. (Adapted from Onston and Gogineni [19851).

I



6846 BumRs ET AL.: COMPARISON OF ICE CONCENTRATION ESTIMATES

below that of multiyear and first-year sea ice for the present TABLE 2. Passive Microwave Algorithm Tie Point Briihtness
frequency and incidence angle range of interest. Temperatures 3

These data also indicate that the contrast normally seen Sensor Day* TU T..
between ice types in winter (Figure 2a) is greatly reduced in 26 265 135
summer (Figure 2b). In winter the radar signature for 30 265 135
multiyear ice is much higher than that for first-year ice. The 92-GHz AMMS 26 260 212
multiyear signature is dominated by volume scattering in the 90-GHz PMI 26 260 223
upper layers of the ice which have undergone melt, brine 29 188 205
drainage, and recrystallization, whereas the radar return *June 1984
from the relatively saline first-year ice consists primarily of a I
much weaker surface scattering component [Gray et al.,
1982]. Under summer conditions the radar signatures of frozen snow crusts were forming on the surface. Because of
first-year and multiyear ice are similar. Wet snow cover and the lossy nature of these crusts, the ice peak has a lower
the presence of liquid water at the snow-ice interface mean brightness temperature than the water peak in contrast to the
that surface scattering at the air-snow and snow-ice inter- wet surface case in Figure 3b. It is clear from Figure 3 that
faces, and volume scattering and/or absorption in the snow when a variety of surface conditions exist in a region. which
cover dominate the cross sections of both ice types (Onstott is typical for the MIZ. an algorithm with a single ice tie point 5
and Gogineni, 1985; Onstott et al., this issue]. As a result, will not adequately discriminate between ice and water in the
the multiyear signature is lower, so that it more closely higher-frequency AMMS and PMI imagery.
resembles that of winter first-year ice. Multichannel passive microwave algorithm. The

multichannel algorithm used with the CV-990 AMMR 3
Sea Ice Concentration Algorithms 18-GHz and 37-GHz horizontally and vertically polarized

The algorithms used in this study to obtain ice concentra- radiances for deriving sea ice concentration is described in
tion from passive microwave data have been applied previ- detail by Cavalieri et al. [ 1984] and further discussed by
ously to several satellite and aircraft data sets with satisfac- Swift and Cavalieri [1985] and by Gloersen and Cavalieri
tory results [e.g., Zwally et al., 1983; Cavalieri et al., 1984]. [1986]. The algorithm utilizes radiance ratios as the indepen-
The algorithms for the derivation of ice concentration from dent parameters. These ratios are the polarization (PR) and
digital SAR, aerial photography, and spectral photometer the spectral gradient ratio (GR) defined as
data, on the other hand, are relatively new techniques and I
are still under evaluation. The algorithms also differ in their PR(f) = (T,$f) - TBH(f))I(TaI~f) + Tf)) (2)
assumptions. Both the passive microwave radiometer and GR = (Toy(37) - Tav(l8))/(Tov(37) + Tor(S18)) (3) I
the spectral photometer provide an integrated measure of the U
radiation within the sensor field of view such that owing to where Tav and T9H are the observed vertically polarized and
the relatively coarse resolution of these systems, there is a horizontally polarized brightness temperatures, respec-
high probability that both water and ice contribute to a single tively, and f is either 18 or 37 GHz. The frequencies for GR
data point or pixel. These algorithms therefore assume a are specified in the definition.
mixed pixel situation for all pixels. At the higher resolutions Variations in PR and GR provide the requisite information
typical of aircraft SAR imagery and aerial photography (1-3 for the determination of both total sea ice concentration and
m) the probability of mixed pixels is much lower and the (during winter) multiyear ice fraction, as an examination of U
mixed pixel assumption less critical to the algorithms using Figure Ia will show. In Figure Ia we see that the difference
these data. between the vertically polarized and horizontally polarized

Single-channel passive microwave algorithms. The algo- emissivities is much greater for open water than it is for
rithms designed to derive sea ice concentration from the either ice type. Hence, PR is a good ice-water discriminator.
single channel passive microwave radiometers are based on We also note that the discrimination between ice types
a linear interpolation between two brightness temperatures. increases with increasing frequency. Since GR is a measure
one for ice and one for open water. The general form of the of the spectral difference between 18 GHz and 37 GHz, it •
algorithms for calculating sea ice concentration C is serves as a discriminator between the two ice types. The

combination of both PR and GR then provides a measure of
C = (Ta - Taw)/(Ta, - Taw) (I) both the open water amount and the ice type mixture. In

where TB is the observed brightness temperature, Taw is the areas of mostly multiyear ice. GR is negative: in areas of U
brightness temperature for open water, and T,, is the bright- mostly first-year ice, GR is slightly positive: and in areas of
ness temperature for sea ice. Table 2 gives the values of Ta, open water. GR is strongly positive. The algorithm coeffi-
and Taw, the tie point brightness temperatures, for the cients (tie points) used in this study are based on AMMR
NASA CV-990 ESMR and AMMS algorithms and for the observations made on June 18, a day of below freezing 3
NRL P-3 PMI algorithm. temperatures when the ice type characteristics are similar to -

Histograms of brightness temperature data obtained with those presented in Figure Ia.
each of the single channel sensors are presented in Figure 3; The characteristics of the multichannel algorithm used to
the tie point brightness temperatures are indicated on each distinguish between ice types under winter conditions also
plot. The histogram of the 19-GHz ESMR data in Figure 3a help compensate for the effects of summer melt in the
shows a strong ice-water contrast, whereas in the histogram calculation of total ice concentration. As an examination of
of simultaneously collected 92-GHz AMMS data (Figure 3b) Figure lb shows, a wet ice surface results in the multiyear 3
the ice peak is less distinct. Figure 3c shows a histogram of ice becoming radiometrically indistinguishable from first-
90-GHz PMI data collected on June 29 during a period when year ice. Under these conditions. GR becomes slightly I
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positive, and the algorithm interprets the wet multiyear ice 20D

as first-year ice. However. the difference in polarization
remains about the same whether or not the surface is wet.
Thus PR is relatively unaffected, resulting in only small 1 10,
errors in the total ice concentration. Of course, in the L<
extreme when the surface is sufficiently soaked or when melt "
pools form, the passive microwave signature will be that of 0 .

0) 1004

2000 ( 100 ÷0

1500 "+ + 0 1 ------- -: ,
+ o0 25 so5 1o 0 SO 200 250
S+ 1, I1

"1000+ RELATIVE BACKSCATTER INTENSITY

C- 4. Fig. 4. Histogram of SAR image intensity data collected on
+ June 30. Arrows indicate values of water and ice tie points used in

500 + the concentration algorithm.

S+open water and the microwave algorithm no longer gives a
100 1l50 200 250 3°0 reliable measure of ice concentration.

Tw TOI .SAR ice concentration algorithm. Similar to the passive
T B B(K) microwave algorithms, the derivation of ice concentration

2000" from single-channel SAR data is based on a linear interpo-(b) lation between the radar signatures of ice and open water.

The algorithm used here is based on data collected over theS1500- marginal ice zone during the summer season [Burns et al..
19851. The algorithm operates on a pixel-by-pixel basis such

* +* that the ice concentration associated with a pixel of intensity
SI000 - + + + I is given by

C÷C(1) = (U - lw)1 (, - Iw) (4)

500 +
+00 + where I, is the mean value of sea ice intensities and Iw is the

+ mean value of water intensities in the SAR scene. 1, and Iw
S..are determined for each scene using an interactive display

175 200 t 225 250 275 device where ice and open water pixels are identified andI To W T()T sampled to obtain the mean intensity valut's.
TB(K) A histogram of SAR image intensity for data collected on

200- June 30 is presented in Figure 4. The histogram shows one
(c) strong and one weak peak, indicating that the ice and water

" 1intensity distributions overlap. Several factors contribute to
Z 150- the width of the separate distributions, including ice signa-

IL" ++ ture variability, mixed pixels at ice-water boundaries. and
0 + + ÷+ imaging effects. The largest contributors are the wide varia-
S 100 + tion in ice signatures, resulting mainly from variations in

C + snow cover wetness, and the multiplicative nature of coher-
*+ + + ent speckle noise in the imaging process. In the presence of

50 s + speckle, the higher the signal the greater its variance, so that1 + +tp +. the ice signature will have a greater variance than the water
+ +,.signature. Mixed pixels result both from the finite resolution

0 T I ' NN ........ of the system and from antenna side lobes which effectively
1 75 2601 2i25 .. 250 275 integrate ice returns with the returns from "water pixels"

To T(K) near floe edges. The mixed pixel approach of the passive
algorithms using a mean ice intensity value as a tie point is

Fig. 3. Histograms of brightness temperature data: (a) 19-GHz adopted to partially account for these factors.
ESMR data for wet conditions (June 26). (b) 92-GHz AMMS data for Aerial photography algorithm. Under cloud-free condi-
wet conditions (June 26). and (c) 90.GHz PMi data for frozen tions in summer the visible contrast between sea ice and
surface crust conditions (June 29). Arrows indicate the values of
water and ice tie points used in the algorithms. Note the reversal in ace-free water is extremely high. This is reflected in the
the 90-GHz signatures for ice and water under frozen surface histogram of digitized CV-990 aerial photography shown in
conditions. Figure 5 where the ice and water peaks are clearly separated.

I_
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125, TABLE 3. Reference Albedos Versus Wavelength and Surface
+ TType

1001• Albedo
SWavelength. nm Snow Ponds Leads

a.7-+500 0.84 0.61 0.081. 650 0.80 0.30 0.08
o e+ 1000 0.50 0.08 0.08 i

Z
< 50-

~0+
n

om

bands (500, 650, and 1000 nm) to resolve the areas of leads, I
ponds. and ice/snow. Values used in the albedo matrix.
given in Table 3. were determined on the basis of periodic

0W, w' surface measurements made near the MIZEX drift station
0 \ so 10o ISO 200 11 2i5 Polarqueen. The spectral photometer data were collected

PIXEL VALUE simultaneously with aerial photography on helicopter mis-
Fig. 5. Histogram of image pixel values for digitized CV-990 sions operating from the Polarqueen. A pair of spectral

aerial photography. Peaks at 0 and 255 result from the digitization photometers, mounted on the helicopter, measured simulta-
process. Arrows indicate values of water and ice tie points used in neously both incident and reflected radiation.
the concentration algorithm.

MULTISENSOR COMPARISONS!

The frames of the aerial photography selected for this study C

were digitized directly from the photographic prints to 3-m Ice concentration estimates from the sensors described
pixel spacing. The digitization process introduced some above are compared in two areas of the Fram Strait MIZ
mixed pixels into the data; the percentage and distribution of which differ both in their ice concentration characteristics I
mixed pixels in the histogram depends to a large degree on and in the ice surface conditions at the time the data were
the floe size and concentration characteristics of the scene taken. These two areas are indicated by the boxes in Figure
itself. 6. The more northerly area. located between 80°N and 81°N

The algorithm used with the digitized aerial photography (solid and dotted boxes) was in a region of relatively uniform I
data to derive ice concentration estimates follows (4), with compact ice with a well-defined ice-water boundary. Floes
the mean ice and water values determined in the same ranged from a few meters to 10 km in diameter, with a
manner as with the SAR data. An initial attempt to use a narrow (6 km) band of small floes near the edge. The more 3
simple thresholding technique was not successful in that the southerly area, located between 79*N and 80°N (dashed box)
concentration results disagreed with a manual analysis of the was heavily influenced by dynamic oceanographic processes

photographs. This was primarily because this technique does
not account for mixed pixels in the digitized data. Comiso v 1011I
and Zwally [1982] came to a similar conclusion in their 'I-- +I +
analysis of Landsat data. So although the aerial photography
is highly interpretable to the human eye, the quantitative
estimates derived from digitized photos are subject to uncer- I
tainties. The aerial photography is therefore treated as ++
another sensor rather than "truth" when comparing ice
concentration estimates in this study. I

Spectral photometer algorithm. Differences in the spec-
tral albedo of different ice types offer a potential method for I
determining the relative abundance of each ice type, and in _A_ j J
particular ice concentration. Let MA = the measured albedo
of a region at wavelength A, A, = fractional area of that . - - -1
region covered by ice type i, and GAi = the reference albedo I
of category i at wavelength A. If we assume that the regional +' l
albedo at a particular wavelength is a linear sum of the
contributions of each ice type, we can write MA as

M,, (5) k + +
Thus we have a system of equations which have the form Fig. 6. Map of the Fram Strait area showing the location of the

= MA (6) data coverage used in the ice concentration comparisons. The three
(a)A M(6 boxes indicate the passive microwave coverage on June 26 (solid

Inverting the albedo matrix, we can solve the system for line), the SAR coverage on June 29 (dotted line), and the SAR
each A, coverage on June 30 (dashed line). The N-S track gives the location

of the June 29 PMI and spectral photometer transects, and the E-W
A, - MA(a)-f (7) trqek gives the location of the northernmost leg of ESMR and

AMMR coverage on June 30. The SMMR ice edge for June 30 is
Spectral E bedos wtic measured in three wavelength indicated by the cross-hatched line.

I
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Fig. 7. Spectral photometer estimates of ice concentration along transects from Polarqueen to the ice edge and back.

Each point represents a sample of a circular area 2000 m in radius.

resulting in large variations in the ice concentration. The tures were identical to those of open water. In contrast, the
more northerly area was imaged under both melting and ESMR data show this area as mostly ice-covered. Appar-
freezing surface conditions, and the southerly area was ently, the additional snow cover caused significant volume
imaged when the surface temperature was approximately scattering at the high frequencies, resulting in reduced
00C at the ice edge. emission. The 19-GHz emission, on the other hand, was less

Comparisons are made for days with coincident coverage affected by the additional snow cover because the snow
by two or more microwave sensors; aerial photography is grains were small relative to the wavelength of the ESMR.
included in the comparison when available. Imagery from
different sensors was registered visually because comparing June 29: SAR. PMI, AP-58o, and SP
sensors with widely different resolutions precludes the use of The ice concentration conditions in this area 3 days later
the more accurate computer registration techniques. Also, were recorded by the CV-580 SAR, the NRL P-3 PMI.
motion of the ice field between data collection times makes CV-580 aerial photography, and the helicopter-mounted
it impossible to compare estimates for precisely the same spectral photometer. The track of the P3 shown in Figure 6
area. The effect of misregistration on the comparisons is indicates the general area of common coverage for these
addressed in each case. All ice concentration estimates are sensors. Figure 7 shows spectral photometer estimates of ice

derived from digital data using the algorithms described concentration from the pack to the ice edge as a function of
above. distance from the Polarqueen. The two curves correspond to

two legs of the Polarqueen helicopter flight on June 29. TheJune 26: PMI, ESMR. and AMMS first began at about 1930 UT and proceeded southerly from

Passive microwave imagery was collected over the north- Polarqueen to the ice edge; the second return leg was
ern area on June 26 by the NRL P-3 and the NASA CV-990 located approximately 5 km to the west of the outbound leg
systems. This permits a comparison of ice concentration [Hall, 19841. The concentration values in Figure 7 represent
conditions depicted by the 19 GHz ESMR, the 90 GHz PMI, mean ice concentration in a circular area approximately 2000
and the 92 GHz AMMS single frequency imagers. Figure 6 m in radius with considerable overlap of footprints along the
shows the geographical location of the data coverage; the transect. Narrow bands of open water or compact floes
imagery obtained with each of the three sensors is presented therefore cause only small changes in the calculated concen-
in Plate I. (Plate I can be found in the separate color section trations. resulting in relatively smooth profiles. The mean
in this issue.) The images span ice-free and ice-covered spatial variability within and between the two profiles is of
ocean and depict ice concentration characteristics both at the order of 10% in the region from the ship to approximately

the edge and farther into the pack. 45 km toward the edge. The profiles indicate that ice
The differences in ice concentration seen in the 19-, 90-, concentration both parallel and perpendicular to the ice edge

and 92-GHz images in Plate I reflect the varied ice surface is fairly uniform at a scale of a few kilometers. Near the edge
conditions on this day. The surface air temperature in the these data show a drop in the ice concentration from 80% to
area at the time of the overflights was -0.5°C, as recorded 20% in a distance of 15 km.
by the Polarqueen drift station, and the existing snow cover Earlier in the day, at approximately 0430 UT, the NRL P-3
not uniformly wet or deep. In addition, snow showers were collected low-level (high resolution) passive Wicrowave im-
depositing dry snow on the ice in the northwest corner of the agery on a track between and paralleling the helicopter
area. The two high-frequency instruments measured lower transects. The CV-580 collected both SAR imagery and
brightness temperatures and therefore lower ice concentra- aerial photography over the PMI track approximately 12
tions in this region; in certain cases the brightness tempera- hours later. Plate 2 shows PMI and SAR imagery of the

I
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TABLE 4. Concentration Estimates for June 29: 9-km 2 Areas surements made earlier, on June 25. and several manual

Spectral measurements from simultaneously obtained photography
Area PM!. %• SAR. % Aerial Photo. C* Photometer. + yielded agreement to about 2%. certainly within the ex-

N 66 :t 30 73 ± 17 79 t 19 ... pected accuracy of the manual measurements. Uncertainties
A 61 2 28 73 I .I. 79 in the spectral photometer estimates are attributed to either
B 71 31 69 t 24 ... 78 the presence of open water in the field of view of the 3
C 66 ±25 60 ± 20 • 50 photometer for the scene used as the tie point for 100% ice.
D 21 _ 21 27 = 21 ... 18 or to the variability of the pond reference albedos at each

*(C% = 07). wavelength. •
t Average C% of outbound and inbound leg profiles. Estimates in Table 4 from the two microwave sensors

show quite good agreement. with an rms difference for the
five areas of 7.4% in ice concentration. Differences in these
estimates appear to be independent of the level of concen- i

portion of the track 35-50 km from the Polarqueen: Plate 3 tration: the discrepancy for the area near the ice edge with
shows an area 10 km north of Polarqueen and includes aerial approximately 20% concentration is about the same as that
photography as well as PMI and SAR imagery (Plates 2 and for areas with approximately 70M concentration. Some of
3 can be found in the separate color section in this issue.) In the difference is clearly due to deformation of the ice field in 5
both plates. corresponding images are each approximately the time period separating the two data sets. This is probably
2.5 km by 3.6 km (9 kmi2) in size. the main contributor to the discrepancy between estimates

The PMI images are color coded such that frozen surfaces for area A. However, the discrepancy is also relatively large
are blue, wet surfaces are dark green, and water is yellow for area N. 10 km north of Polarqueen. where the SAR and 5
orange. Because of freezing surface temperatures, the PMI images are closely matched and ice motion effects are
90-GHz brightness temperatures for ice are below that of relatively small.
water (see Figure 3c). In the SAR images, floes with wet Agreement between sensor estimates is influenced by
snow cover are generally dark. But small areas on floes surface melt features and variations in snow cover wetness
undergoing melt can be very bright. owing to the combina- within and between floes. For example small areas undergo-
tion of increased roughness of the metamorphosed snow and ing melt appear prominently on floes in the SAR and PMI
the high dielectric constant of water [Onston el' al.. this images of area A (Plate 2). Since their brightness tempera- 3
issue]. Wet surface areas within floes also appear dark in the ture at 90 GHz (200 K) is intermediate between ice and
aerial photos, but these features have relatively low contrast water, their effect is to reduce the PMI ice concentration
with the rest of the ice surface. estimate for the scene. In the SAR image these same features

The high resolution of the SAR and PM! imagery made it appear brighter than the surrounding ice surface, so that the 3
possible to identify floes and define comparable areas for the SAR estimates are unaffected by the presence of these small
calculation of ice concentrations. A comparison ofo the features.
images in Plate 2 shows that the SAR and PM! areas do not The low PMI estimate relative to the SAR for area N in 3
match exactly. The ice field configuration near the edge Table 4 and Plate 3 indicates the combined effect on the PMI U
changed appreciably in the 12 hours separating the data sets. algorithm of melt features and the large number of small floes
closing up around 35 km south of the ship and opening up at in this area. Note that the very small floes in this area are
45-50 km south. The discrepancy between SAR and PMI well defined in the aerial photography and give bright returns 3
images is greatest for area A. Deformation appears to in the SAR imagery. But in the 90-GHz PMI image in Plate
decrease with increasing distance from the edge; Plate 3 3. these small floes have the same brightness temperature as
shows that 10 km north of Polarqueen, floes are in nearly the open water. Coincident NRL 19-GHz profile data across this
same configuration in images from both sensors. scene (not presented here) also indicate more ice present 3

Concentration estimates were calculated for the four irm- than is visible at 90 GHz. showing that this is not a result of
age pairs shown in Plate 2, the three images in Plate 3, and the time difference between SAR and PMI data collections.
the corresponding locations in the spectral photometer pro- In contrast, area D in Plate 2 also contains small floes, but •
files. Table 4 gives the results for these five areas. Each they do not exhibit this very warm (open water) brightness
spectral photometer estimate represents an area of approx- temperature in the PMI image. Table 4 indicates much better
imately 12 km2. The values from the imaging sensors for agreement between PMI and SAR estimates for this area.
each 9-km 2 image are the mean and standard deviation of The effect of snow cover wetness is generally to reduce 3
estimates of ice concentration in 0.25-km2 subareas (40 the concentration estimates, and more so for the microwave U
subareas per image). For each subarea, the PMI estimate is sensors relative to aerial photography as seen from Table 4.
calculated from the mean brightness temperature of all 10-m Wetter areas on the large floe in area C in Plate 2. for
pixels within the subarea (equation (I)), whereas the SAR example, are dark in the PMI image and have relatively dark
and AP estimates are the mean of concentrations calculated signatures in the SAR image as well. The corresponding
on a pixel-by-pixel basis (equation (4)). SAR and PMI estimates in Table 4 will therefore be under-

Table 4 shows that the profile and the image data. although estimates of the actual ice concentration in this area. Table 4
not exactly coincident, indicate approximately the same also shows that the SAR estim,'e of concentration fo- the 3
general fall-off in ice concentration from the ship to the edge. area shown in Plate 3 is low relative to the aerial photogra-
For the four specific areas compared in the Table 4. the phy estimate. This is due primarily to the effect of low radar
spectral photometer and microwave estimates are within the signatures on the SAR algorithm and not to floe motions. as U
10% spatial variability observed in the photometer profiles these data were obtained within 20 min of each other.
(Figure 7). A comparison between spectral photometer mea- Examining Plate 3. one observes floes which have much I
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lower signatures than others in the SAR image but which the ESMR estimates, as well as a slightly smaller positive
have approximately the same image intensity in the aerial bias in the SAR estimates relative to the aerial photography
photo, as can be seen in Figure 9c. The observed biases in the ice

concentration estimates are in part a result of the different
June 30: SAR, ESMR, aind AP.990 resolutions of the sensors and. in the case of the aerial

On June 30 the CV-580 and the NASA CV-990 collected photography. the higher ice-water contrast. In addition, the
microwave data over the southern area within a period of 5 effects of nonuniform imaging geometry and signature vari-
hours. Figure 6 shows the track of the coincident coverage ations on sensor estimates also contribute to the observed
used in this study. Because of their relatively low resolution. discrepancies.
the passive microwave data were registered with the SAR The effects of nonuniform imaging geometry are most
data via down-looking aerial photographs taken by the severe in the SAR data but also occur in the aerial photog-
CV-990 coincident with the ESMR observations. Areas raphy. Because the SAR operates in a side-looking mode.
containing approximately the same floes in the same config- not all points in an image are equally distant from the radar.
uration were identified in the SAR imagery and the photog- and areas further away will return less power. In addition.
raphy. and the corresponding ESMR data were then deter- radar return from the ice and water surfaces is a decreasing
mined from the center time of the photography for a given function of incidence angle (Figure 2). which increases with
area. range. Although these effects are minimized by careful

Figure 8 shows the down-looking aerial photographs from choice of data collection parameters. some image intensity
the CV-990 for the six 12 km by 3 km areas identified for this fall-off across the scene will exist. This fall-off is seen in the
comparison. As can be seen from the photographs, the areas SAR image of area 6 in Plate 4 where the ice signature at the
represent a range of different floe size and ice concentration top of the image is much lower than that at the bottom. This
combinations. Plate 4 shows the corresponding ESMR and results in estimates of less than 100% for the ice-covered
SAR imagery for the six areas. (Plate 4 can be found in the areas and is partly responsible for the behavior of the scatter
separate color section in this issue.) Note that at 19 GHz the diagrams in Figures 9b and 9c where points in the upper right
brightness temperature of ice is higher than that of the water. on the plot fall below the 450 line. Nonuniform antenna
A comparison of the three sets of imagery shows that illumination, which is responsible for the fall-off in the
although the ESMR resolution is not sufficient for detailed opposite direction seen in area 5 of Plate 4. produces similar
registration with the SAR imagery, floes can be recognized results. In the case of the aerial photography data. vignetting
which will aid in understanding the ice concentration results. (or limb darkening) presents a problem for calculating accu-

The grids superimposed on the aerial photos in Figure 8 rate ice concentration estimates. Although this affects a very
define the 3 km by 3 km areas considered in this comparison. small portion of the data. it can be significant. In area 5a. for
As with the June 29 data, concentration estimates were example. Figure 8 shows 100% ice cover, but the calculated
derived for 0.25-km- subareas in order to obtain the mean concentration value given in Table 5 is only 79/C.
and standard deviation of the ice concentration for the 9-km2  Signature variations leading to discrepancies in both the
areas. Table 5 gives the results of the ice concentration ESMR and the SAR estimates result primarily from vanabil-
calculations. These results indicate an rms difference of 15% ity in ice surface conditions. In the SAR image for area 6 in
between aerial photo and ESMR ice concentration estimates Plate 4. for example, the relative intensities of floes (at the
for these areas. The rms differences between SAR and same radar range) within this single scene vary by 25% of the
ESMR estimates (14%) or SAR and AP estimates (13%) are mean. Although the SAR algorithm uses the mean ice
not significantly different, even though the elapsed time intensity as a tie point to account for signature variations.
between data collections allowed the ice field configuration floes with low radar cross section do not contribute a value
to change (compare Figure 8 and Plate 4). Examination of of 100% to the concentration estimate. In the ESMR image
Table 5 shows that the range of values for estimates derived of this area, the brightness temperatures of large floes vary
from the aerial photography is greater than that for estimates by t 15 K or about 25% of the mean. equivalent to the
derived from the microwave data. Also, the standard devi- variation seen with the SAR. With the ESMR algorithm tied
ation associated with each estimate is greater for the pho- to the highest temperature, low ice concentration estimates
tography in all but five cases for the ESMR and in all but result for the consolidated ice areas with low brightness
seven cases for the SAR. These effects are due to the higher temperatures. For the ESMR estimates, scene-to-scene vari-
resolution and ice-water contrast of the aerial photography. ations are also important because the algorithm uses a single
Also note that for all three sensors the standard deviations tie point for all scenes. For example, relatively low estimates
are generally lower in areas of very high and very low ice are obtained for areas 2d and 3a (see Table 5) because floes
concentration than in those of intermediate concentration, as in these areas have lower brightness temperatures than the
expected from the signature distributions in such areas. large floe in area 5, which was used as the algorithm tie

Figure 9 shows these results plotted for each sensor pair. point.
The amount of scatter, measured in terms of the mean Signature variations due to weather effects influence ice
deviation from the 450 line, is similar in each case (around concentration estimates from the aerial photography and, to
7.5%). and linear regression of these data gives a relatively a lesser extent, from the ESMR. Over open water, surface
high correlation coefficient of 0.89 for all three of the roughness and atmospheric opacity will increase the bright-
relationships. The plots also show that sensor agreement ness temperature and result in relatively high ESMR esti-
depends on ice concentration value. Figures 9a and 9b mates. Cloud cover is the primary problem for the aerial
indicate that the ESMR estimates are high in relation to photography. Although the effect of the cloud cover seen in
those of the other two sensors, especially at low concentra- areas 5 and 6 of Figure 8 is not discernable from the
tions. The linear regression also suggested a positive bias in estimates in Table 5. it may be responsible for some of the
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TABLE 5. Concentration Estimates (C% = a,) for June 30: 9- contrast to the single-channel algorithms, the AMMR algo-
km2 Areas rithm identifies more than one ice type as distinct from open

Area SAR Aerial Photography ESMR water, thereby effectively taking into account the variability

[a 76 26 66±=26 87 =IIin ice signatures due to surface melt and other effects. This

lb 88-7 96 6 89 = 8 is indicated by the lower standard deviations for AMMR
Ic 76 t 14 72 = 8 78 = 9 compared with ESMR: means of the standard deviations
Id 87 = 5 53 = 17 74 = 9 from Table 6 are 5.6 versus 17.5 from Table 5.
2a II 12 17 = 14 41 t 10 This availability of more than one channel in the passive
2b 21 t 16 21 t 15 37 - II data also may be responsible for the relatively good agree-
2c 47_ 16 45 t 24 47 = at
2d 67 2 '0 73 = 22 59 t 9 ment with the aerial photography for most areas. In the case
3a 85 ± 14 91 - 13 85 = 15 of area B. where the agreement between the microwave
3b 61 23 60 ± 32 65 = 16
3c 58 16 34 ± 28 55 t 14 100.
3d 32 20 41 ± 22 54 = 12
4a 27 22 20 t- 20 8 ± 8
4b 8±-4 3±-9 7:8 so
4c II ±9 4t10 10-8 W

4Q 19 ± 22 13 ± 26 1915 z I
5a 82 = 3 79 ± 19 81 t 24- 26
5b 69 t- 21 96 ± 12 73 = 30 <
5c 54 = 25 78 -t 38 66 ± 33 Z P/
5d 58 t 15 65 ± 23 75 18 40U
6a 50 ± 24 51 :t 32 63 22 Z

0
6b 30 ± 17 44 ± 28 46 15 Q
6c 65 ±t 32 57 ± 39 56 23 Z i<20-
6d 31 ± 27 28 t 31 56 23 L

discrepancy between ESMR and aerial photography esti- 0 20 40 60 80 100
mates in these areas. MEAN CONCENTRATION-AERIAL PHOTO

100I

June 30: SAR, AMMR. and AP-580
sol -

Four areas of 6 km2 in size were identified for the
SAR-AMMR-AP comparison. These data were registered in z _ "

0the same manner as in the SAR-ESMR comparison by using • 60 -
the CV-990 photography taken coincident with the AMMR , / Z
observations to determine corresponding AMMR and SAR z -

areas. But because this AMMR-coincident photography is z
oblique (45° off nadir) and therefore distorted, it was used U I Z -L'

Z
only in the registration process; ice concentrations used in 20' /"
the comparison were calculated from CV-580 down-looking /

aerial photography collected on this flight. Common cover-
age by these three sensors was limited so that the sample for 0° 20 40 60 so 10o
comparison is restricted both in size and in the range of MEAN CONCENTRATION-ESMR

concentration. 100
Table 6 presents the results of the AMMR, SAR, and o]l

aerial photography ice concentration calculations. In this
case the agreement between the active and passive micro- < so
wave sensors is excellent: the rms difference is 3.5% for the -
four areas. However, the agreement with the aerial photog- 2
raphy is not as good: the rms difference is 16% between the
SAR and the aerial photography, which were taken near- Z
simultaneously, and 15% between the AMMR and the aerial 40
photography. Figure 10 shows a scatter diagram of AMMR 0

and SAR estimates versus aerial photography estimates. The z
additional cases of SAR-AP comparison shown in the figure,
taken from the total area of coincident coverage near the / o
AMMR locations, improve the agreement between these 0
sensors and reduce the rms difference to 13%. 0 20 4o 60 s0 100

The good agreement between the active and passive MEAN CONCENTRATION-AERIAL PHOTO

microwave estimates may be fortuitous given the small Fig. 9. Scatter diagrams of concentration estimates from the
number of sample areas. However, the lower standard June 30 SAR-ESMR-AP comparison. Each square represents mean

concentration over a 9-km2 area. (a) ESMR versus aerial photogra-
deviations for the AMMR seen in Table 6 are significant and phy; mean deviation - 8.6%. (b) SAR versus ESMR: mean devia-
may be attributable in part to the multifrequency, tion - 7.4%. (c) SAR versus aerial photography; mean deviation =
multipolarization algorithm used with the AMMR data. In 6.5%.
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TABLE 6. Concentration Estimates (C% ± ta) for June 30; 6- interpretation or computational effort associated with digi-

km2 Areas tizing photographs.
Area AMMR SAR Aerial Photography In addition to sensor type and frequency, sensor resolu- U

A 52 -t 6 55 = 5 42 = tions affects the agreement of ice concentration estimates.
B 56 t 6 56 = 17 83 ± 13 This is best illustrated with the ESMR-AP comparison. -
C 51 = 7 47 t 17 51 t 26 Because of the higher resolution of the aerial photography.
D 45 ± 3 50 :t 21 42 - 24 areas of all ice or all water are better discriminated, so that

the range of coitcentration values obtained is much greater.
This resolution effect is responsible in part for the bias in the 3

sensors and aerial photography is poorest. examination of ESMR results relative to the aerial photography such that at
the photography shows that approximately half of the scene low concentrations of ESMR estimates are relatively high
consists of a single consolidated ice floe. Dark features on and at high concentrations they are relatively low. This same
the floe suggest first-year ice with little snow cover. In the trend is observed in ice concentration estimates from the 3
SAR image the floe has relatively low radar return, indicat- ESMR relative to those from the higher resolution SAR. U
ing a wet surface. These surface conditions apparently have From the results in the previous section it is clear that
sufficient influence on the microwave properties to result in ice-water contrast and ice signature variability are major m
low concentration estimates for both the SAR and the factors in the discrepancies observed between sensor esti-
AMMR. Comparing only the other three areas, the rms mates. These factors contribute to the trend in ESMR versus
difference between the AMMR concentration and that from AP and ESMR versus SAR estimates discussed above. For
the photography is improved from 15% to 6%. although the ice concentration algorithms are formulated to

account for the mixed pixel effect. large resolution cells will

DiscussioN encompass more spatial variation and therefore introduce
more ambiguity into the determination of the actual ice and

The three main objectives of this comparison study of ice water contributions. The effect of the less ambiguous ice 3
concentration estimates were as follows: (1) to determine signature in the aerial photography is best demonstrated by
how well estimates produced by different sensors, especially comparing estimates derived at the same resolution. The
microwave sensors, agree in a MIZ summer situation; (2, to comparison between SAR and aerial photography estimates
look for trends in the level of agreement as a function of ice showed a bias similar to that seen in the ESMR-AP compar- n
field characteristics and sensor parameters; and (3) to iden- ison, indicating that at low concentrations, speckle noise and
tify reasons for discrepancies. The results presented in the side-lobe effects in the SAR data result in relatively high
preceding section cover a sufficiently wide range of ice field estimates and that at high concentrations, SAR ice signature
and sensor characteristics as to allow meaningful sensor variability results in relatively low estimates of the concen-
evaluation. In addition, by using high-resolution aircraft tration. To demonstrate this effect with the passive micro-
images it is possible to gain an understanding of the perform- wave data, ESMR estimates were compared with estimates
ance of the algorithms under identifiable surface conditions. derived from aerial photo data averaged to ½ km by J km i

Comparison of the microwave results indicates that the pixels. For area 3 the rms difference between estimates is
active and passive microwave estimates agree to within 15% 12.4% using the aerial photo data with 4-km pixels, com-
(rms) in ice concentration. Considering all the 9-kmi2 areas pared to 12.6% from the calculation using 3-m pixels (Table
compared in this study, the rms difference between active 5). The small change indicates that the discrepancy between I
and passive estimates was 13%. These estimates are all sensor estimates is due primarily to differences in ice-water
derived with single-channel linear algorithms. The 9.4-GHz contrast and signature uniformity and not to resolution.
SAR appears to perform slightly better relative to the
90-GHz PMI than to the 19-GHz ESMR, with rms differ- 00I
ences of 7.4% and 14%, respectively. However the compar- ,
ison of the 19-, 90-, and 92-GHz mosaic data shows that the >
lower frequency gives a better representation of ice cover in 0

the MIZ, especially when surface conditions in the scene cc
include both wet and dry snow cover. Active and passive
estimates show better agreement when a multichannel algo- o F [ /
rithm is used with the passive microwave data, reducing the n
rms difference to 3.5%. X-

With respect to the visible sensors, ice concentration Z o -

estimates from aerial photography show approximately the Z /
0same agreement with passive microwave estimates from the 0 20 / II

ESMR (15% rms difference) and with the SAR estimates z

(13% rms difference) for cases where near-simultaneous data
are compared. Ice concentration estimates from the micro- 0
wave sensors are also in general agreement with spectral MEAN CONCENTRATION-AERIAL PHOTO
photometer measurements. Although spectral photometry is

not as suited for monitoring applications as the microwave Fig. 10. Scatter diagram of ice concentration estimates for SAR
sensors because of weather limitations, it does present a (open squares) and AMMR (solid circles) versus CV-580 aerial n

so sintuats photography. Each symbol represents mean concentration over a6
good alternative method to aerial photography, in situations km2 area. Mean deviation for SAR versus AP = 7.8%: mean
where large area means are useful, as it involves none of the deviation for AMMR versus AP - 7.2%. I



BURNS ET AL.: COMPARISON OF ICE CONCENTRATION ESTIMATES 6855

Previous studies have also noted this influence of surface trations the passive microwave estimates are relatively high
conditions on the microwave sensor estimi.tes of ice concen- and at high concentrations they are relatively low. A similar
tration. For example, in their discussion of the results of the bias is observed for the microwave estimates relative to
multichannel passive microwave algorithm applied to Nim- those from aerial photography as a result of the combination
bus 7 scanning multichannel microwave radiometer (SMMR) of the higher resolution arr- ice-water contrast of the pho-
data, Cavalieri et al. [1984] attribute the observed standard tography.
deviation in ice concentration in summer to the presence of Variations in surface characteristics such as wetness and
wet surface and melt ponds and to temperature-dependent snow cover have an appreciable effect on the calculated ice
variations in emissivity. On the basis of his analysis of concentration from both SAR and single-channel passive
Seasat SAR and scatterometer data, Carsev [1985] suggests microwave algorithms. The use of the high-resolution micro-
that surface condition variations dominate the ice signatures wave image data. in which individual floes and floe features
to such an extent that areal concentration can not be derived can be distinguished, has helped identify the variability in ice
from these data. Whereas the 1.2-GHz Seasat SAR data surface signatures related to surface conditions as the pri-
show ice signatures with a wider range than the mean mary cause of estimate discrepancies. These variations do
ice-water contrast, the higher-frequency SAR data used in not greatly affect total ice concentration calculated with the
this study show a greater ice-water contrast and less surface multichannel passive microwave algorithm. While a
variability, making concentration estimates possible. As in multichannel approach might be pursued in the future to
the passive microwave case, this variability in ice signatutes improve SAR estimates as well. at present, further research
affects the ice concentration estimates only at very high and is needed with single-channel SAR data to minimize the
very low concentrations. effects of signature variability resulting from variations in

The other factor that could contribute to discrepancies in both imaging parameters and actual surface conditions.
ice concentration estimates is the nonsimultaneous imaging These results suggest that future satellite SARs. with
of the scene by sensors on different platforms. However, in proper image calibration, will provide ice concentration
general this does not represent a major constraint on our estimates that can be compared directly with those obtained
ability to compare ice concentration estimates for three from passive satellite instruments, except in areas of very
reasons. First, with the use of high-resolution aircraft imag- high or very low ice concentrations. In these areas the SAR
ery it is possible to identify individual floes and define areas will have an advantage over the passive microwave systems
that are closely if not precisely comparable. Second. this because of its inherently greater spatial resolution. In the
effect is minimized by basing the comparisons on the mean near future, the SSMII, which with its frequency and polar-
and standard deviation of concentration estimates derived ization diversity will make use of the multichannel algorithm
from 0.25-kmi2 subareas within the 9-km 2 areas defined. This approach that appears to be optimum for the passive data.
is illustrated by the PMI-SAR comparison. The rms differ- and the ERS I SAR will prov ide complementary coverage of
ence for all subarea estimates is 26%. whereas that for the ice conditions in the polar regions. Further research is
full area estimates is only 7.4%. indicating that over the needed to optimally combine active and passive sensor data
9-km 2 sample area. floe motion effects average out. And for estimating ice concentration.
third, even when registration of imagery is optimal as in thecase of simultaneous down-looking photography, significant Acknowledgments. We are indebted to the crews of the NASA
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Plate I (Bums et al.]. Paisive microwave imagery collected on June 26 over the Fram Strait MIZ.
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Plate 2 [Burns et at.J. Active (SAR) and passive (PFI1) micro-
wave imagery from June 29 of areas 35 km (area A), 40 km (B), 45
km (C), and 50 km (D) south of Polarqueen.

I
, I

I

T, I
l I

Plate 3 (Burns ual.). Coverage from three sensors on June 29 of area N approximately 10 km north of Polarqueen:
(a) SAR, (b) PM!. and (W) 35-mm aerial cammera.
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ABSTRACT and thickness; (b) Ice concentration; (c) floe
size; (d) ice sheet and snowpack physical

Active and passive microwave and physical properties; and (e) deformation characteristics.
property measurements were made of Arctic sea ice
in the marginal ice zone during the summer of II. ICE SCENE AND EXPERIMENT DESCRIPTION
1984. Preliminary results of an intercomparlson
of data acquired by an aircraft synthetic aperture During MIZEX-84 the major summer sea Ice
radar, a passive microwave image and a scenes were multiyear (MY), thick first-year
helicopter-mounted scatterometer indicate that (TFY), medium first-year (P1FY), and thin
early-to-mid summer sea ice microwave signatures first-year (ThFY). Multlyear Is sea ice which has
are dominated by snowpack characteristics, survived at least one summer's melt. It has an
Measurements show that the greatest contrast ice thickness greater than 2.5 meters and during
between thin first-year and multiyear sea ice MIZEX-84 a snowpack thickness which ranged from 35
occurs when operating actively between 5 and 10 to 60 cm. Thick first-year Is ice which began

GHz. Significant information about the state of growing during the fall and has a thickness
melt of snow and ice is contained in both the greater than 120 cm and a snowpack thickness of
active and passive microwave signatures. 25-35 cm. Medium first-year represents a class of

ice which began growing late in the season. It
has a thickness of 70 to 120 cm with a 10-15 cm

snowpack. Thin first-year ice began growinq very
late in the season and therefore has only an ice
thickness of 30 to 70 cm and a snowpack thickness
of 2-6 cm. Note that snow thickness and the
various Ice types observed in MIZEX-84 have a high
degree of correlation.

I. INTRODUCTION
Ice found in the MIZEX study area exhibits

Measurements of the microwave signatures of considerable deformation due to dynamic forces
Arctic sea Ice were made during June and July of experienced prior to entering the ream Strait.
1984 In the From Strait of the Greenland Sea in an Deformation characterisitics include a significant
area north and west of SpItzbergen as part of the number of ridges, rubble, increased surface and
Marginal Ice Zone Experiment (MIZEX) [1]. In this sub-surface topography, and Increased floe
Investigation, microwave signatures were acquired thickness. Other features of significance on
from the start of summer until a time Immediately multiyear and thick first-year ice aye regions of
after peak melt. An important aspect of MIZEX was surface and sub-surface meltwater pools, and areas
the emphasis placed on the comparison of of flat Ice and mounds.
coincident active and passive aircraft, satellite,
4nd surface-based in-situ microwave observations During this investigation a synthetic
in conjunction withF"•tensive ice characterization aperture radar (SAR) operating at 1.2 and 9.4 GIiz
measurements. with 3 meter resolution and passive microwave

Imager (PHI) operating at 19, 37, 90 and 94 Gllz
The goals of the MIZEX remote sensing program with up to 16 meter resolution, If flown at low

are (1) to better understand sea ice scattering levels, provided synoptic MIZ coverage by
and emission processes. (2) to better interpret producing 80 km x 80 km mosaics. the SAR data
present and future remote sensing observations, were collected at Incident angles from 30 to 70
(3) to define operating parameters as well as degrees. The microwave measurements made by the
predict performance of future air- and space-borne scatterometer are at a similar resolution, an
sensors, and (4) to develop algorithms to convert extended range of viewing angles (0 to 70 degree
microwave signal data Into geophysical processes incident angles) and at frequencies of 1.5, 5.2.
Information. In the MIZ, as well as in the 9.6, 13.6 and 16.6 Gliz. Passive microwave ieages
central Arctic, the geophysical Information of were assembled by scanninq about nadir. Satellite
greatest interest includes: (a) Ice age. type, imagery consisted of NIMBUS-7 SI1IR (passive
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microwave) and NOAA-7 AVHRR (visual and Infrared). superimposed ice layer at the snow-ice interface m.
Nimbus-7 operates at 6.6, 10.7. 18, 21, and 37 GHz is a key contributor to the backscatter cross
with coverage of the entire Fram Strait. Aircraft section.
passive microwave profiles were also acquired at
these frequenciei. Surface-based radiometer On June 29 SAR (ERIM CV-580) "daytimem and n
measurements were made at angles from 20 to 60 PMI (NRL P-3) "nighttime" data were collected of
degrees and at 6, 10, 18, 37. and 90 GHz. an area about the MIZEX drift ship. In Figure 2 a
Physical property information includes the subset of these data is shown with an aerial
physical description of the snowpack and ice photograph for the visual intercumparison of
sheet, snow wetness, surface roughness, salinity specific ice features. m
profiles. and dielectric constant values. An inventory of sea ice signatures in the MIZ

I11. DISCUSSION OF RESULTS has been made and includes: (a) the mixture of
brash ice and small floes; (b) refrozen ThFY

During summer, the state of the snowpack leads; (c) WY ice, often found as one of the ice
becomes especially important. Percolation of snow types in large floes; (d) regions of very heavy
melt-water onto the ice sheet creates either a snow cover found in severely deformed areas on MY
rough superimposed Ice- or slush-layer depending or TFY Ice; (e) pressure ridges; (f) sub-surface
on environmental conditionsi Furthermore, during melt pools; and (g) open water either in surface
the first half of the sumner, the high melt pools or between floes.
absorptivity of a wet snowpack greatly reduces the
overall variability in sea ice microwave Relative radar backscatter cross section
signatures. ratios and brightness temperatures from

measurements made at the start of the peak melt I
The ability of a wet snow layer to temporarily period have been calculated using SAR.

mask ice sheet features during summer has been scatterometer and PHI data and are presented In
reported previously in other regions [2,3]. The Table 1. The cross section ratios are presented in
thickness of the layer of wet snow required to d8 and referenced to open water. The brightness
mask sub-surface topography may be estimated by temperatures are referenced to nadir.
taking two or three microwave penetration depths,

Table I.
found as a function of snow wetness and frequency Radar backscatter Cross-Section Ratios at 3S'
(see Figure 1). It is important to note that the Inct1lnt Angle and Briohtness Treveraturesm
distance traveled into wet snow before complete at 0* Incidence Anqile for Summer Sea Ice

absorption is easily two orders of magnitude less
than in dry snow. Backscatter Cross-Section Ratios OdR) Te it)

100. . e.Scenoe 1.2 5.3 9.4 13.6 16. 6 90.0

EWet Snow Brash 11.0 12.0 13.5 .... .... 205

- 10 Experimental Data ro ,.o 1.. 15.0 15.0 15.0 200

3WvY 7.S 9.0 13.S 14.0 14.0 1"4

C3 1 1 Hz 1W sc S.0 3.0 11.0 I3.S 13.S in6

2 PIT 7.0 .... 10.0 ....0---- ...--
4- 0.1 2 . ON .0 .0 .0 .0 .0 2

a, 0 sc 6.5 3.0 11.0 13. 12.5 190S0.01-1

0.001 37 110ut• 1,t••,k •, .•
0 2 4, 6 8 10 12 14 TW, - Thin first-Year Ice

WIYi - Nndl First-lear IceVolumetric Water Content (%) W, SC - ...,y S- Coverg
PR - Pressure Ridge•
of - Open water

Figure 1. Penetration depth for wet snow NY SC - "ltipar with Snow Cover
between 1 GHz and 37 6Hz, calculated In fN PU - Mhuti)4ar witth ItIeroos Nu t Pools
from experimental data. I

Significant contrast exists between all the

Additionally, there Is a significant MIZ ice types and open water, except for an
reduction in the ability to penetrate either wet ambiguity between the passive microwave signatures
or dry snow as frequency 4ncreases and as snow of brash ice and open water at 90 6Hz. The I
acquires a very modest wetness (for example, 2-4% contrast between ice and water is illustrated In
wetness by volume). Hence during early to mid Figure 2 by the clear delineation between floe
summer and at frequencies above 10 6Hz much of the boundaries.
information about homogeneous ice scenes Is
derived from the physical and electrical The L-band (1.2 6Hz) ratios Indicate brash
properties in the snowpack's top several ice can be distinguished from the other ice and
centimeters. The freezing of the upper few snow categories. Thick snow cover also has a
centimeters of the snowlayer. and the way melt unique cross section signature. The C-band (5.3
water accumulates on the ice sheet which Is GHz) ratios conflrm that operation at the higher
controlled by the large scale topography, also microwave frequencies is better for
contribute to an Ice sheet's micr. ve signature. differentiating first year from multiyear ice.

Thin first-year ice can also be differentiated
In the case of thinner ice, the increased from medium first-year Ice. Note, that the

small scale-surface roughness due to a European Space Agency (ESA) will launch a

2
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W-Band PMI

X-Band SAR

Aerial Photograph
L-Band SAR

86-823

Figure 2. Synthetic aperture radar Image$ (ERIN CV-SS0) at 1.3 and
9.8 GHz a passive microwave image (NRL-P3) at 90 GHz. and
an serial Photograph (ERINm CY-5S0) acquired during
NIZEX-94 serve to Illustrate the Inter-relationships
between microwave signatures and sea ice features for old-
summer conditions.
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ABSTRACT

ocean at one or more frequencies to provide
Active and passive microwave data collected concentration maps with resolutions down to 30 km

during the 1984 Summer Marginal Ice Zone from space (Refs. 3.4,5). More recently
Experiment in the Fram Strait (MIZEX 84) are used synthetic aperture radar (SAR) imagery has been
to compare ice concentration estimates derived shown to potentially provide similar ice
from synthetic aperture radar (SAR) data to those concentration information at higher spatial
obtained from passive microwave imagery at resolutions (Ref. 6) although the present lack of
several frequencies. The comparison is carried adequate sensor calibration must be overcome to
out not only to evaluate SAR performance against make'SAR a routine monitoring tool. Development

the more established passive microwave technique, of this SAR capability will become necessary with
but also to Investigate the causes of the advent of the satellite SARs in the near
discrepancies in terms of how ice surface future.
conditions, imaging geometry, and choice of One goal of the remote sensing program of the
algorithm parameters affect each sensor. Active Marginal Ice Zone Experiment (MIZEX) is to
and passive estimates of ice concentration agree evaluate the ability of different sensors to
on average to within 12%. Estimates from the obtain sea ice concentration estimates and to
multichannel passive microwave data show best determine an optimum combined sensor platform for
agreement with the SAR estimates because the eventual monitoring applications. During the
multichannel algorithm effectively accounts for 1984 summer MIZEX in the Greenland Sea, near-
the range in ice floe brightness temperatures simultaneous active and passive microwave image
observed in the MIZ at this time. data were collected during a period of clear

weather, providing the opportunity to compare not
Keywords: Ice concentration, marginal ice zone, only active and passive microwave system
passive microwave imagery, synthetic aperture estimates, but also to compare both to estimates
radar obtained from aerial photography. The full

details of the comparison between active and
passive microwave sensors and an evaluation of
estimates provided by coincident aerial

1. INTROOUCTION photography and helicopter photometer are given
in Ref. 7.

The percent Ice cover or ice concentration In
the marginal Ice zone (NIZ) is a critical factor

in the region's heat budget thereby Influencing 2. DATA AND ANALYSIS
near-surface biological and physical phenomena.
Spatial and temporal changes In ice concentration The microwave data used in this analysis were
are also indicative of the extent and nature of collected by one active and three passive
the oceanic processes affecting the MIZ. When aircraft systems as indicated in Table 1.
available aerial photography can In general On 29 June 1984 the CV-580 and the NlRL P-3
provide good estimates of the ice concentration, collected coincident coverage over an area of
However, In the Arctic, and especially at the relatively compact ice, with a narrow (6 kin) band
margins of the sea ice, cloud cover and long of small floes near the edge and a well defined
periods of darkness prevent the use of aerial ice/water boundary. During a low level (1200 m
photography on a routine basis, and microwave altitude) flight designed to observe "night-time"
sensors which image the surface through cloud and signatures, the P-3 PMI obtained a fl-S line (if
darkness must be looked to for monitoring ice data across the Ice edge with 10 m resolution.
cover in these regions. The CV-580 SAR mosaic with 3m resolution.

Over the past 15 years, passive microwave collected 12 hours later, included the P-3 line
imagery has become an established tool for thus affording this comparison. Due to the 12
obtaining ice concentration estimates from both hour time difference there do exist differences
aircraft and satellite platforms (Refs. 1.2). in the ice field config- uration between the two
Passive microwave algorithms exploit the data sets, but as seen from Figure 1. scenes
difference in emmIssivity between sea ice and composed of floes comon to both data sets as



I
TABLE 1. 1

PLATFORM SENSOR FREQUENCY(GIIz )/POLARIZA1 ION

CCRS CV-580 ERIM SAR 9.4/HH 3
NRL P-3 Passive Microwave 90/Equivalent Nadir

Imager (PHI)

NASA CV-990 Electrically Scanning 19.35/Equivalent Nadir I
Microwave Radiometer

(ESMR)

Advancea Multichannel 18 and 37/ H and V
Microwave Radiometer

(AMMR)

I
well as the aerial photography taken from the CV- the mean and standard deviations of ice
580 can be identified. concentration estimates derived from 9 km2 areas

On 30 June the CV-580 and the NASA CV-990 for ]he SAR/ESMR and SAR/PMI comparisons and from
obtained microwave data over the same area within 6 kmi areas for the SAR/AMIIR comparison. For I
a period of 5 hours. This area was heavily each sensor ice concentration was calculated for
influenced by dynamic oceanographic processes 1/2 km by 1/2 km subareas and these values used
resulting in large variations In the ice to obtain a mean and standard deviation of ice
concentration. The full range of ice concentration for the larger area. By looking at
considered in the comparison. Neither the ESMR misregistration (i.e. changes in the ice field

or the ANMR obtain sufficient resolution to carry between flights) are minimized.
out feature comparison with the SAR; the two data
sets were therefore registered via aerial I
photographs taken by the CV-990 coincident with 3. DISCUSSION OF RESULTS
the ESMR and ANNR data collection.

Derivation of ice concentration estimates from The images in Figure I show one of the five
the microwave data is based on the large areas used in the SAR/PMI comparison from 29
difference in the emissivity and, for certain June. Note that this area has well defined
imaging conditions, the backscatter cross section floes, little broken ice between floes, and some
of sea ice and open water (e.g. Refs. 8,9). small melt ponds which are especially visible on
During the summer season there is very poor the 90 GHz image. Also note the relatively dark
discrimination with microwaves between ice types (and therefore wet) floes on the SAR image with I
(Ref. 6) so that the concern in this season is backscatter levels near that of the open water.
with total ice concentration. These effects appear in all the five scenes to

Ice concentration estimates from the single varying degrees. For this area the SAR and PHI
channel passive data (PHI, ESNR) are obtained ice concentration estimates agree well: 69% and
with a linear algorithm directly relating 71% respectively. Overall for the areas compared I
concentration to brightness temperature which on the 29th the SAR and PHI differed by at most
requires "ice" and "watern reference or tie 12% with an average difference of approximately
points to be specified from the brightness 7%.
temperature data. The general form of the The distribution of the 1/2 km estimates
equation defining this relationship Is relative to the 45 degree line, shown in Figure 2

for the images in Figure 1, illustrates the
effects of melt ponds, backscatter variability,

TB - Te(water) and misregistration (floe motion). Points on the
C .----------------- upper right below the 45 degree line are those I

TB(ice)-Te(water) where floes are dark on the SAR due to a
combination of non-unifoum imaging geometry and

The SAR algorithm used is also a linear one, increased surface wetness which is probably
having the same forms as above, and relates the related to snow depth (Ref. 10). Therefore they
image intensity of each resolution cell to an ice are not Interpreted by the algorithm as 1001 Ice
concentration using the mean Intensities of ice as they are by the PHI. Points to the left of

and water areas within the scene as tie points, the line in the upper half of the plot show the
For the results presented here this algorithm was effect of melt ponds and the presence of broken
applied to the 3.2-cm SAR data only (both 3.2 and floes on the PHI estimates. These features I
23.6-cm data were collected) because of the appear warner than the Ice to the 90 GNz PHI
higher contrast between ice and water maintained because at the time this scene was Imaged most of
by the shorter wavelength during the melt season. the Ice was covered with a surface crust reducing
For the four-channel AIER data, the NIMBUS-7 SMMR the brightness temperature to below that of the
team algorithm (Ref. 4) was applied using tie open water. Both subpopulations Include 1/2 km I
points determined from the aircraft brightness areas near the center of the Images (see Figure
temperature data. 1) where small floes have drifted from one cell

Comparisons between the sensors are based 6n to the next in the 12 hour period between the

I
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flights. ice concentration in the summer MIZ with

Mean concentration values for the 9 km2 areas comparable accuracy. This appears to be

compared on 30 June are shown in a SAR vs. ESMR independent of the level of concentration itself.

scatter plot in Figure 3. The mean square Estimates from both types of sensor are sensitive

deviation from the 45 degree line is reduced from to variability in ice signatures, the passive

Figure 2 ( 10% vs. 13%) indicating that over 3km data less so especially when used In a

floe motion effects average out. In this case multichannel algorithm. These results suggest

the deviations are primarily due to variability that the future satellite SARs, such as the one

in the ice signatures in both the ESMR 19 GHz and to be flown on the European ERS-1 satellite,

SAR 9.4 GHz single channel data. At 19 GHz, the should be able to provide ice concentration

brightness temperature of large floes in the area estimates with an accuracy approaching that of

is observed to vary by 40 degrees K. With the, the passive Instuments given the proper siqnature

algorithm tied to the highest temperature, low calibration. The multichannel algorithm approach

ice concentration estimates can result for solid that appears to be optimum for the passive data

ice areas. Likewise for the SAR, the relative might also be pursued for improving SAR

intensities of floes within a single scene can estimates, as well as with a combination of

vary by 25% of the mean. Using the mean active and passive sensor data.

intensity of ice as a tie'point accounts for this
spread in values to an extent, but floes with low
backscatter cross section do not contribute 100% 5. REFERENCES

to the concentration estimate under the present
algorithm. 1. Wilheit T T et al 1972, Aircraft fleasurements

Ice concentration estimates based on 6 km2  of Microwave Emissions from Arctic Sea Ice,

areas from the SAR and AMMR data are given in Remote Sensing Environ. 2, 129-139.

Table 2. 2. Gloersen P et al 1974, Microwave Maps of the

Polar Ice of the Earth, Bull. Am. Mleteorol.

TABLE 2. A9RA/SAR CONCENTRATION ESTIMATES Soc. 55, 1442-1448.

Area 1 Area 2 Area 3 Area 4 3. Svendsen E et al 1983, Norwegian Remote
Sensing Experiment: Evaluation of the

SAR 55.2% 55.8% 47.4% 49.9% NIMBUS-7 Scanning Multichannel Microwave
Radiometer for Sea Ice Research, J. Geophys.

AMHR 52.5% 55.61 51.41 44.9% Res. 88, 2781-2791.

4. Cavalieri 0 et al 1984, Determination of Sea

The mean difference between sensor estimates Is Ice Parameters with the NIMBUS-7 S1IR, J.

3% in concentration. This relatively good Geophys. Res. 89, 5355-5369.

agreement between the SAR and the AMMR is
possibly due to the availability of more than one 5. Swift C T et al 1985, An Algorithm to Measure

channel in the passive data. In the A1MR Sea Ice Concentration with Microwave

algorithm more than one Ice type can be Radiometers, J. Geophys. Res. 90, 1087-1099.

identified as distinct from open water, thereby
effectively taking into account the variability 6. Shuchman R A et al, Remote Sensing of the

in ice signaturesand Inadvertently some surface Marginal Ice Zone During MIZEX-EAST 1983,

melt effects. Since the variability in ice Nature, in press.

signatures does not greatly affect total ice
concentration in this multichannel algorithm, a 7. Burns B A, Multisensor Somparison of Ice

better estimate results. Concentration. Estimates in the MIZ, J.

Examination of Figures 2 and 3 and Table 2 Geophys. Res., in preparation.

shows that the level of agreement between active
and passive sensors appears to be independent of 8. Comiso J C 1983, Sea Ice Effective flicrowave

the percent ice cover itself. Nor did Emissivities from Satellite Passive

examination of the imagery reveal any trend with Microwave and Infrared Observations, J.

floe size distribution. Most of the discrepancy Geophys. Res. 88, 7686-7704.

that is not attributable to misregistration is
due to signature variations, which usually result 9. Gray A L et al 1982, Simultaneous

in underestimates of Ice concentration. Scatterometer and Radiometer Measutemits of

Sea-Ice Microwave Signatures, IEEE J. Oceanic

. LEng. 
OE-7,20-32.

4. CONCLUSIONS10. Onstott R G et al 1986, A Multi-Sensor

This comparative analysis has shown that SAR Intercomparlson of Microwave Signatures of

and passive microwave data provide estimates of Arctic Sea Ice, IGARSS'86, this proceedinqs.
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ACTVE/PASSIVE MICROWAVE SENSOR COMPARISN OF
MIZICE CONCENTRATION ESTMATES

BDA Bums D JCavmaleri M RI eer

Environmental Research Goddard Laboratory for Oceans Naval Research Laboratory
Institute Of Michigan NASA Goddard Space Flight Center Washington. DC USA

Ann Arbor, Michigan USA Greenbelt, Maryland USA

ABSTUCTocean a t one or more frequencies to provide

Active and passive microwave data collected concentration maps with resolutions domn to 30 km
during the 1984 Sumeer Marginal Ice Zone from space (Refs. 3.4.5). More recently
Experiment in the Free Strait (MIZEX 84) are used sy'nthetic aperture radar (SAM) imagery has been
to compare ice concentration estimates derived shown to potentially provide similar iceIfrom synthetic aperture radar (SAR) data to those concentration information at higher spatial
obtained from passive microwve imagery at resolutions (Ref. 6) although the present lack Of
several frequencies. The comarison Is carried adequate sensor cal ibration must be overcome to
out not only to evaluate SAN performance against make SAR a routine monitoring tool. Development
the more established passive microwave technique. of this SAN capability will become necessary with
but also to investigate the causes of the advent of the satellite SA~s In the nearIdiscrepancies in terms of hew Ice surface future.
conditions. Imaging geometry, and choice of One goal of the remote Sensing program of the
algorithm parameters affect each sensor. Active Marginal Ice Zone Experiment (MIZEX) Is to
and Passive estimates of ice concentration agree evaluate the ability of different sensors to
on average to within 121. Estimates fro the obtain sea ice concentration estimates and to
mul tichannel Passive microwave data show best determine an optimum Comined Sensor platform forIagreement with the SAR estimates because the eventual monitoring applications. During the
Multichannel algorithm effectively accounts for 1964 summer MIZEX in the Greenland Sea, near-
the reang in Ice floe brightness temeratures simultaneous active and passive microwave Image
observed In the MUZ at this time. data were collected during a Peried of clear

weather. Providing the opportunity to comare not
Keywords: Ice concentration. marginal ice los. only active and passive microwave system

radar obtained from aerial photography. The full
detals f te cmpaiso bewonactive and
pasivewitowv Sesor an anevaluation ofI1. 1111111101=0 photography and helicopter photometer are given

In oef. 7.
The percent ice cover or ice concentration in

the Marginal ice lowe (MZ) Is a critical factor
in the ragian's heat budget thereby influencing 2. Stu No LYSIS
near-surface biological and physical phenmn.
Spatial and temoral Changs In Ice concentration The microwae" data used in this analy~sis were
are also indicative of the extant and nature of Collected by one active sand three passive
time oceanic Processes affecting the SIZ. Wm aircraft systems as Indicated in Table 1.
available aerial photography can in general On 29 June 1914 Vtim CV-511O and the NIL P-3
provide goad estimates of the ice Concentration. collected coincident Coverage over an area of

Nowever, In the Arctic. and eapecially at tow relatively Compact Ice, with a narrow (6 in) bond
=argins of tihe ea" ice, Cloud cover and I"Of Mall floes near the edge and a well definedl
perieds of darkness prevent the use of aerial Ice/water boundary. During a low level (1200 a
Photography en a routine basis. and Micron"v altitude) flight designed to observe night-ttime
sensors which imae the surrface through cloud and signtuires. the P-3 PMll obtained a N-S Ilne of
darkness Must be looed to for monitoring Ice data acress the ice edge with 10 M resolution.

cOver th pastis yrs. passive Mirwv collected 12 hours later. includsed the P-3 lime
imagery has became an established tool for thus affoording this comairise. Due to the 12
obtaining ice Concentration estimates from both hour tilme differenc Uthre do exist differences
aircraft enm satellite Platforms (Alfs. 1.2). in the ice field cenfig- wration between the two
Passive Micron"v algori thms expleit the data sets, but as seen from Figure 1. scenes
differenc in amoissivity between Sea Ice and compsed of flees Common to both date sets as

PMwcdi0gs Of Aa410'86 mu Zam*. 8- 1p lim- IM 0.4 SP-254 VVia~kd £4L Pabbaimenm 01wo. Amp iv.
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TAB" I.

PLATFORM SEN SOR FREQUENCY(GHz)/POLARI ZATION

CCRS CV-58O ERIM SAN 9.4/HH 3
NRL P-3 Passive Microwave 90/EQuivalent Nadir

Imager (PHI)

NASA CV-990 Electrically Scanning 19.35/Equivalent Nadir
Microwave Radi meter

Advanced Nultichannel 18 and 37/ H and V
Microwave Radiometer

(ANN)

well as the serial P•hotography taken from the CV- the mean and standard deviations of ice
580 can be identified. concentration estimates derived from 9 km

2 
areas

On 30 June the CV-58C and the NASA CV-9g0 for ]Ine SAR/ES4R and SAR/PM! comparisons and fr0'
obtained microwave data over the Same area within 6 kmin areas for the SAR/AMMR comparison. For
a period of 5 hours. This area was heavily each sensor ice concentration was calculated for
influenced by dynaic oceanographic Processes 112 km by 1/2 km subareas and these values used
resulting in large variations in the ice to obtain a mean and standard deviation of ice
concentration. The full range of ice concentration for the larger area. By looking at
concentration values could therefore be estimate statistics in this way. effects from
considered in the comparison. Neither the ESMR misregistration (i.e. changes in the ice field
or the AMP obtain sufficient resolution to carry between flights) are minimized.
out feature comparson with the SAR; the two data
sets were therefore registered via aerial I
photographs taken by the CV-990 coincident with 3. DISOISSIIK OF NESUlTS
the ESHR and AMM data collection.

Derivation of ice concentration estimates from The images in Figure I show one of the five
the microwave data is based on the large areas used in the SAR/Pr! comparison from 29
difference in the sSissivity and, for certain June. Note that this area has well defined
imaging conditions, the backscatter cross section floes. little broken ice between floes, and some
of sea Ice and open water (e.g. Refs. 8.9). mall melt ponds which are especially visible on
During the sumer season there is very poor the 90 G6z Image. Also note the relatively dark
discrimination with microwaves betwen Ice types (and therefore wet) floes on the SAP image with
(ROf. 6) so that the concern in thtis season is backscatter levels near that of the open water.
with total ice concentration. These effects appear in all the five scenes to I

Ice concentration estimates from the single varying degrees. For this area the SAP and PM!
channel passive data (PI!, ESR) are obtained ice concentration estimates agree wall: 691 and
with a linear algorithm directly relating 715 respectively. Overall for the areas compared
concentration to brightness tmperature which on the 29th the SAN and PHI differed by at most
requires "ice" and 'water" reference or tie 121 with an average difference of approximately
points to be specified from the brightness 71. I
toperature data. The genral fern of the The distribution of the 1/2 Inm estimates
equation defining this relationship Is relative to the 4S degree line, shown in Figure 2

for the images in Figure 1. illustrates the
effects of melt ponds, backScatter variability,

To - Ts(weter) and misregistration (floe motion). Points on the
C T(ice)-Tg(mter) wre floes are dark on the SA due to. upper right below the 45 degree line are those

combination of non-uniform imaging geometry and
The SAN algoriti. used Is also a linear one, increased surface wetness which is Probably
having the same furms as above, and relates the related to snow depth (Ref. 10). Therefore they
image intensity of each resolution Call to an Ice are not Interpretad by the algorithm as 100% ice
concentration using the mean intensities of Ice as they are by the PHI. Points to the left of
and water areas within the scene as tie points. the line in tme upper half of the plot show the

For tme results presented here this algorithm was affect of melt cands and the presence of broken
applied to the 3.2-C01 SAN data only (both 3.2 and floes an the PIM estimates. These features
23.S-cm data were collected) because of the appear warmer then the.ice to the 90 Glz PM!
higher contrast between ice and water maintained because at the time this scene was Imaged most of I
by the shorter wavelength during the Wlt season. the ice was Covered with a surface Crust reducing
For the four-chemel AmR data, the NINIUS-7 SIM the brightness temerature to below that of the

team algorithm (Raf. 4) was mapled using tie em water. Both SUiOpulatieas include 1/2 hm
points determined from the aircraft Brightness areas nar the center of the Images (see Figure
tamaiereture data. 1) nmere wall floes have drifted from ome cell

Cmparisons betwen the sensors are based on to the next In the 12 hoer period between the

I
I
I
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flights. ice concentration in the Summer MIZ with
Mean Concentration values for the 9 km

2 
areas cmnoarable accuracy. This appears to be

coared on 30 June are Shown in a SAR vs. ESMR r-a:endent of the level of concentration itself.
Scatter Plot in Figure 3. The mean square Es:'nates from both types of sensor are sensitive
deviation from the 45 degree line is reduced from to variability in ice signatures, the passive
Figure 2 ( 10% vs. 131) indicating that over 3km data less so especially when used in a
floe motion effects average out. In this case multichannel algorithm. These results suggest
the deviations are primarily due to variability that the future satellite SARs, such as the onein the ice signatures in both the ESMR 19 GHz and to be flown on the European ERS-1 satellite.SAR 9.4 GHz single channel data. At 19 GHz, the should be able to provide ice concentration
brightness temperature of large floes in the area estimates with an accuracy approaching that of
is observed to vary by 40 degrees K. With the the Passive instuients given the proper signature
algorithm tied to the highest temperature, low calibration. The multichannel algorithm approachice concentration estimates can result for solid that appears to be optimum for the passive dataice areas. Likewise for the SAR, the relative might also be pursued for improving SARintensities of floes within a Single scene can estimates, as well as with a combination of
vary by 25% of the mean. Using the mean active and passive sensor data.
intensity of ice as a tie point accounts for this
Spread in values to an extent, but floes with lowbackscatter cross section do not Contribute 100% S. RFEM3IESto the concentration estimate under the present
algorithm. 1. Wilheit T T et a1 1972. Aircraft Measurements

Ice concentration estimates based on 6 km2  
of Microwave Emissions from Arctic Sea Ice.I areas from the SAR and AMMR data are given in Remote Sensina Environ. 2. 129-139.---- Table 2. 2. Gloersen P et al 1974. Microwave Maps of the
Polar Ice of the Earth, Bull. Am. Meteorol.TABLE 2. AIS/SAu COUENI1ATION ESTIMTES Soc. 55, 1442-1448.

Area 1 Area 2 Area 3 Area 4 3. Svendsen E et al 1983. Norwegian Remote
Sensing Experiment: Evaluation of the

SAR 55.21 55.81 47.4% 49.91 NIMSUS-7 Scanning Multichannel Microwave
Radiometer for Sea Ice Research, J. Geoohys.

Alger b2.51 55.6% 51.4%1 44.9 Res. 88. 2781-2791.

4. Cavalieri 0 et 4l 1984, Determination of SeaThe mean difference between sensor estimates is Ice Parameters with the NIIBUS-7 SMK. J.
31 In concentration. This relatively good Geophys. Res. 89. 53S5-5369.
agreement between the SAR and the AMI is
possibly due to the availability of more then one 5. Swift C Tet al 1985, An Algortthn to Measure
channel in the passive data. In the AM Sea Ice Concentration with Microwave
algorith. more than one ice type can be Radiometers, J. Geophys. Res. 90. 1087-1099.
Identified as distinct from open water, thereby
effectively taking into account the variability 6. Shuclman R A at al. Remote Sensing of thein ice signaturesand inadvertently some surface Marginal Ice Zone During MIZEX-EAST 1963,
melt effects. Since the variability In Ice Nature, in press.
signatures does not greatly affect total Ice
concentration in this multichannel algoritim. a 7. Burns B A, Multisensor Somparison Of Icebetter estimate results. Concentration Estimates In the MIZ, J.

Examination of Figures 2 and 3 end Table 2 @Mhys. Res., in preparation.
hshws that the level Of agreemnt between active

and passive sensors appears to be independent Of 8. Cemiso J C 1963. Sea Ice Effective Microwavethe percent ice cover itself. Nor did Emissivities from Satellite Passiveexamination of the imagery reveal any trend with Microwve and Infrared Observations. J..
floe size distribution. Most Of the discrepancy Geophys. Res. $8. 7686-7704.
that is not attributable to misregistration is
due to signature variations, which usually result 9. Gray A L at 8) 1982, Simultaneous
In underestimates of iet concentration. Scatterweter and Radioeter Measurfunts of

Sea-ice Microwave Signatures. IEEE J. Oceanic
4. _IU7.20-32. -

10. Onstott P at a1 1986, A Multi-Sensor
This Comparative analysis has shom that SAR Intercoeparison of Microwave Signatures of

and passive micreo ve data provide estillates Of Arctic Sea Ice. IGARSS'86, this proceedings.
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INTERCOMPARISON OF SYNTHETIC- AND REAL-APERTURE RADMR OBSERVATIONS OF ARCTIC
SEA ICE DURING WINTER MZEX '87

R A Shudanman, R G Onaot L L Suthmemld & C C W~hdmnr

Radar Science Laboratory
Advanced Concepts Division

Environmental Research Institute of Michigan
Ann Arbor, MI 48107 USA

ABSTRACT Ms1IX '7 o, ... •.

Active microwave measurements were made of ----
various sea iceforms in march .nd April 1987
during the rginal Ice Zone Experiment (MIZEX). -
These measurements were made at 1, 5, 10, 18 and
35 GHz using a synthetic aperture radar (SAR) and
helicopter- and ship-based scatterometers. The X-
band (9.8 GHz) SAR data were compared to the -" a .
scatterometer data and It was determined that for
5 GHz and higher frequencies both the SAR and
scatterometers can differentiate open water, new ,-.
Ice (S - 30 cm), first-year ice with rubble i
(.60 -1.5 m), and multiyear Ice. The analysis -
further confirmed that the C-band (5 GHz) SAR's
flying on ESA ERS-I and RADARSAT will
differentiate the above mentioned Ice types.

Keyord: Sg, icrwavs, catermter Raar Figure 1. MIZEX '87 Operations Overview ShowingKeywrds SAR MirowvesScatermete, RdarIce-Edge Variation. Research Foci. andBackscatter. Sea Ice. MIZEX. Key Ship Positions

In this paper we first present the X-band (9.8
GHz) values for the various Ice types within the

1. INTRODUCTION marginal Ice zone and then compare these SAR
values to the 1, S, 10, 18, and 35 GHz

Active microwave measurements were made of measurements obtained by the real aperture radar
various sea ice forms In March and April 1987 operated from the ship and helicopter. The real
during MIZEX. The study area was located between aperture data has undergone the typical temporal
76"N and 80*N and IOW to 10eE, in an area of the and spatial averaging and thus the effects of
Fram Strait in the Greenland Sea (see Figure 1). image speckle or radar fading are minimal (Ref.
The ice conditions within the Greenland Sea during 1). The multi-frequency scatterometer data In
the three week experiment included: 1) grease Ice conjunction with the X-band SAR data is then used
actively forming at the open ocean boundary; 2) a to evaluate the use of the European Space Agency's
combination of young frazil, nilas, and small Earth Resources Satellite-I (ESA ERS-1) and
pancake first-year ice forms In the Odden; 3) Canada's RADARSAT SAR's (Refs. 2, 3) for ice type
multiyear ice (3 to 5 meters thick) with floe classification.
sizes ranging from 30 m to 50 km from the edge to
the Interior; and 4) older first-year ice (3 to 2. DATA SETS
150 cm thick) of varying floe size dimensions
Interspersed among the multiyear. Twenty-two SAR data collection missions were

flown daily throughout the experiment using the
The active microwave observations included: Intera STAR systems. Each mission covered

1) a rail mounted ship-borne scatterometer system approximately a 200 by 200 km area surrounding the
which made measurements at 1. 5, 10, 18, and 35 ice-strengthened research vessel POLAR CIRCLE.
GHz: 2) a helicopter-based scatterometer which During flights, SAR data which were transmittedcollected parallel and cross polarized (HM; VV; via radio link to the POLAR CIRCLE. were used to
VH) data at 1.75, 5 and 10 GHz: and 3) an aircraft select sites to perform detailed microwave
equipped with a SAR that operated at 9.8 GNz with measurements as a function of incidence angle
horizontally transmitted and received using the helicopter and ship mounted
polarizations. scatterometers. At each of the detailed sites,

Pmertedqs of IG4AW W Swposam. E-m tumA. Srortmd. B-16 Sr. 1M Af ESA4 SP-284 lIEEE SYCH2497.6,
Pa~ised bY ES4 PA~cuxur DiWos. Ahguf, MR
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"sea Ice truth parties" from POLAR CIRCLE would Examination of Table 3 indicates that the SAR
characterize the physical and electrical and scatterometer measurements made at 10 GHz were
properties of snow and ice. In addition to the similar. In general, as the frequency Increases
specific sites, the ship borne scatterometers the ability to separate multiyear from first-year
collected data In transit. Thus, for the first ice also increases. The opposite trend occurs
time, SAR sea Ice imagery can be correlated with with decreasing frequency. L-band (1 GHz) which
coincidence scatterometer and sea truth data. is dominated by volume scattering and the effect

of topography has similar signatures for multiyearThe parameters of the STAR system are presented and first-year. C-band (S GHz) appears to produce
in Table 1. Figure 2 Is an image of a high signatures that are very similar to X-band (i.e..
resolution (4 x 4 m) 17 x 36 km area that was volume scattering from bubbles dominates the
extensively "sea truthed" both from the ship and return from multiyear ice). m
the helicopter. Indicated on Figure 2 are letters
A through G which correspond to the seven open
water and sea Ice types found within this test 4. SUMMARY
area.

The X-band SAR data successfully separated theThe ship-based scatterometers operated at 1, 5, sea ice types within the image. The SAR derived I
10, 18, and 35 GHz and are described in these backscatter values compared favorably to the
proceedings by Onstott and Shuchman (Ref. 4). The measurements made by the temporally and spatially
1. 5, and 10 Gi~z ship-based scatterometer was also averaged scatterometer data. The performance with
operated on a Bell 206 helicopter and is described respect to sea ice classification of the ESA ERS-1
in this issue, Onstott and Gaboury (Ref. 5). and RADARSAT which will operate at C-band (S GHz)

should be comoarable to the X-band SAR system used I
in MIZEX. The performance of the Japanese ERS-1

3. BACKSCATTER RESULTS operating at L-band (1.2 GHz) will be degraded
with respect to discriminating first-year from

Thirty-three areas within the SAR ice image multiyear ice. All three of the above mentioned
shown in Figure 2 were selected for statistical satellites should distinguish open water from sea
analysis. Standard statistics (i.e., mean, ice, thus producing useful ice concentration
standard deviation, variance, skewness, and information.
kurtosis) were generated on these areas and
combined into the seven water and sea ice
categories identif'ed on Figure 2 and presented in 5. ACKNOWLEDGEMENTS
Table 2. The SAR data is seven-look and using an
equation of Lyzenga et. al., (Ref. 6) the variance This work was supported under Office of Naval
due to speckle can be removed, leaving Just the Research (ONR) Contracts N00014-81-C-0295 and
spatial variation of the scatterers. To N0014-86-C-0469. The ONR technical monitor is Mr.
illustrate this, Figure 3 shows the data from Charles A. Luther. ERIM's ONR contract N0014-86-
Table 2 plotted in dB. The boxes in Figure 3 C-046g is Jointly funded by NASA HQTRS/Ocean
represent the means of the classes and the extent processes Branch. The NASA technical monitor is
of the error bars are determined by adding and Dr. Robert Thomas.
subtracting the standard deviation of the spatial

variations (i.e.. with the speckle component 6. REFERENCES
removed) to the mean values. Note that categories
A through E have a significant amount of spatial 1. Ulaby F et al 1982, Microwave Remote Sensing,
variation, while categories F through G have none. Addison-Wesley Publ. ro.,7 vo E
The relativity higher spatial variation of
catagories B and C are thought to be due to the 2. Louet J 1986, The ESA approach for ERS-I
effects of rubble on the surface. This suggests sensor calibration and performance
that automated techniques (Ref. 7) utilizing SAR verification, Proc IGARSS '86 S M, Zurich
texture information (i.e.. the spatial variations) 8-11 September 1986, ESA SP-254, 167-174.
may prove useful in sea ice classification. 3. O

3. Oceans Working Group 1985, Ocean satellite
Examination of Figure 3 reveals that in general data opportunities for Canada: a long-term

categories A and C through G are separable view, Canadian Advisory Committee on Remote
indicating that multiyear ice can be S'ensing, Ottawa.
differentiated from first-year ice with rubble,
thick and thin young ice, and open water on the 4. Shuchman R & Onstott R 1988, Radar backscatter
X-band (9.8 Ghz) SAR data. Category 8 which of sea ice during winter, Proc IGARSS '88
included a mixture of multiyear, first-year and S , Edinburgh, Scotland 13-16 Septeiier
open water was not separable due to the mixed No.
nature of the category. The grease ice area had a
lower return than the ice free open water 5. Onstott R & Gaboury S 1988, Active microwave
suggesting the grease ice dampened the capillary measurements of artificial sea ice, Proc
waves which made the surface appear smooth to the jGASS 88Symp, Edinburgh, Scotland"l-16
radar. Septiemer 1985.

The SAR values for multiyear, first-year with 6. Burns B & Lyzenga 0 1984, Textural analysis as

rubble, first-year without rubble and thin new ice a SAR classification, Electromagnetics 4, 309-
were then compared to the scatterometer 322.
measurements made at 1, S, 10, 18 and 35 6hz (see
Table 3). The standard deviation of the 7. Shuchman R et al 1984, Textural analysis and
scatterometer data Is approximately !.5 dB. real-time classification of sea-ice types

using digital SAR data, IEEE Transactions on
Geoscience and Remote Sensing, vol GE-22(2).
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3Table 1. STAR System Parameters AS Used in NIZEX

3PROPERTY STAR-2 STAR-I

Operating Altitude 29,000 ft.
Wave length X-band
Polarization HM1

Viewing Direction Left or Right

Processing Real time

Recording 8 bit data, full 4 bit data, either
bandwidth data 12 x 12m or 24 x 24m
recording on pixels on serial
parallel 140CR 140CR

Swath width
Narrow (Hi-Res) 17 km 23 km
Wide (Lo-Res) 63 km 45 km

Pixel size Along track/ Along track/
cross track cross track

Hi-Res 4 x 4 m Not usedILo-Res 5.2 x 16m 12 x 12m or 24 x 24m

Downlink 4 bits 4 bits

Azimuth Looks 7 73Lo-Res 16 x l~m or 12 x 12m or

32 x32m 24 x24m

OIL

3Figure 2. STAR-2 Extensively *Sea-Truthed" High-Resolution Imagery. Letters A Through G

Correspond to the Seven Open Water and Sea Ice Types Found within This Test Area.
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Table 2. MIZEX '87 SAR Clutter Statistics -- Averaged Values for Similar Areas I
6 April -Mission 15

35.-
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Figure 3. SAR Mean Backscatter at 40* Incident Angle for Sea Ice and Open Water

SceueeMM"er SAM

1 S 10 1 35 10

MY 13 17 20 2S 'S 20

FY 16 9 11 1 12 1 I
FYR NA I 7 iS 10 4.7

New NA 3 3 3 3 3

MY : 0-6 60% K.A-Yew i Conso F"-yr t Froeeoek (1-3 Cn

*Y P Ita-Yew h* solh Rui*04 (.60-1. .Sm tide)

FY. *Im.ea*W to (20-40 cm tlhl)

New . New km (5-6CM Wice)I

Table 3. Scatterometer and SAR Values at 40" Incident Angle for Four Categories of Sea Ice
Referenced to Open Water 5
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INTERCOMPARISON OF SYNTHETIC- AND REAL-APERTURE RADAR3 OBSERVATIONS OF ARCTIC SEA ICE DURING WINiER MIZEX '81

R.A. Shuchman, R.G. Onstott, L.L. Sutherland & C.C. Wackenman

Radar Science Laboratory
Advanced Concepts Division

Environmental Research Institute of Michigan
Ann Arbor, NI 48107 USA

U ABSTRACT MIzRXl ' Ope,,.sa,. 0..,.I.

Active microwave measurements were made of
various sea Ice forms in March and April 1987
during the Marginal Ice Zone Experiment (MIZEX). JrThese measurements were made at 1, 5, 10, 18 and
35 GHz using a synthetic aperture radar (SAR) and
helicopter- and ship-based scatterometers. The X-
band (9.8 GHz) SAR data were compared to the
scatterometer data and it was determined that for •.
5 GHz and higher frequencies both the SAR and
scatterometers can differentiate open water, new
Ice (5 - 30 cm), first-year ice with rubble
(.60 -1.5 m), and muitlyear ice. The analysis
further confirmed that the C-band (5 GHz) SAR's a..
flying on ESA ERS-1 and RADARSAT willI differentiate the above mentioned ice types.
d ey rentiat e tAR, aowaves ment terod etertypes.Figure 1. MIZEX '87 Operations Overview ShowingKeywordst SAR, Microwaves, Scatterometer, Radar Ice-Edge Variation, Research Foci, and
Backscatter, Sea Ice, MIZEX. Key Ship Positions

In this paper we first present the X-band (9.8
GHz) values for the various Ice types within the

1. INTRODUCTION marginal ice zone and then compare these SAR
values to the 1, 5, 10, 18. and 35 GHz

Active microwave measurements were made of measurements obtained by the real aperture radar
various sea ice forms in March and April 1987 operated from the ship and helicopter. The real
during MIZEX. The study area was located between aperture data has undergone the typical temporal
76'N and 80"N and 10W to IOE, in an area of the and spatial averaging and thus the effects of
Fram Strait In the Greenland Sea (see Figure 1). Image speckle or radar fading are minimal (Ref.
The ice conditions within the Greenland Sea during 1). The multi-frequency scatterometer data In
the three week experiment Included: 1) grease ice conjunction with the X-band SAR data Is then used
actively forming at the open ocean boundary; 2) a to evaluate the use of the European Space Agency's
combination of young frazil, nWlas, and small Earth Resources Satellite-I (ESA ERS-1) and
pancake first-year ice forms in the Odden: 3) Canada's RADARSAT SAR's (Refs. 2, 3) for Ice type
multlyear ice (3 to 5 meters thick) with floe classification.
sizes ranging from 30 m to 50 km from the edge to
the Interior; and 4) older first-year ice (3 to 2. DATA SETS
150 cm thick) of varying floe size dimensions
interspersed among the multlyear. Twenty-two SAR data collection missions were

flown daily throughout the experiment using the
The active microwave observations Included: Intera STAR systems. Each mission covered

1) a rail mounted ship-borne scatterometer system approximately a ZOO by 200 km area surrounding the
which made measurements at 1, 5, 10, 18, and 35 ice-strengthened research vessel POLAR CIRCLE.
GHz; 2) a helicopter-based scatterometer which During flights, SAR data which were transmitted
collected parallel and cross polarized (NH; VV; via radio link to the POLAR CIRCLE, were used to
VH) data at 1.75, 5 and 10 GHz; and 3) an aircraft select sites to perform detailed microwave
equipped with a SAR that operated at 9.8 GHz with measurements as a function of Incidence angle
horizontally transmitted and received using the helicopter and ship mounted
polarizations. scatterometers. At each of the detailed sites.

I
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"sea ice truth parties" from POLAR CIRCLE would Examination of Table 3 indicates that the SAR
characterize the physical and electrical and scatterometer measurements made at 10 GHz were a
properties of snow and ice. In addition to the similar. In general, as the frequency increases
specific sites, the ship borne scatterometers the ability to separate multiyear from first-year
collected data in transit. Thus, for the first ice also increases. The opposite trend occurs
time, SAR sea ice imagery can be correlated with with decreasing frequency. L-band (I GHz) which
coincidence scatterometer and sea truth data. is dominated by volume scattering and the effect I

of topography has similar signatures for multiyearThe parameters of the STAR system are presented and first-year. C-band (5 GHz) appears to produce
in Table 1. Figure 2 is an image of a high signatures that are very similar to X-band (i.e.,
resolution (4 x 4 m) 17 x 36 km area that was volume scattering from bubbles dominates theextensively "sea truthed" both from the ship and return from multiyear ice).
the helicopter. Indicated on Figure 2 are letters
A through G which correspond to the seven open
water and sea ice types found within this test 4. SUMMARY
area.

The X-band SAR data successfully separated theThe ship-based scatterometers operated at 1, 5, sea ice types within the image. The SAR derived
10, 18, and 35 GHz and are described In these backscatter values compared favorably to the
proceedings by Onstott and Shuchman (Ref. 4). The measurements made by the temporally and spatially
1, 5, and 10 GHz ship-based scatterometer was also averaged scatterometer data. The performance withoperated on a Bell 206 helicopter and is described respect to sea ice classification of the ESA ERS-1
in this issue, Onstott and Gaboury (Ref. 5). and RADARSAT which will operate at C-band (5 GHz)

should be comparable to the X-band SAR system used
In NIZEX. The performance of the Japanese ERS-I

3. BACKSCATTER RESULTS operating at L-band (1.2 GHz) will be degraded
with respect to discriminating first-year from

Thirty-three areas within the SAR Ice image multiyear ice. All three of the above mentioned
shown in Figure 2 were selected for statistical satellites should distinguish open water from sea
analysis. Standard statistics (i.e., mean, ice, thus producing useful ice concentration
standard deviation, variance, skewness, and information.
kurtosis) were generated on these areas and
combined into the seven water and sea ice
catagories identified on Figure 2 and presented In 5. ACKNOWLEDGEMENTS I
Table 2. The SAR data is seven-look and using an
equation of Lyzenga et. al., (Ref. 6) the variance This work was supported under Office of Naval
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using digital SAR data, IEEE Transactions on
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I Table 1. STAR System Parameters As Used In 141ZEX

PROPERTY STAR-2 STAR-I

Operating Altitude 29,000 ft.
Wave length X-band
Polarization H

Viewing Direction Left or Right

jProcessing Real time

Recording 8 bit data, full 4 bit data, either
bandwidth data 12 x 12m or 24 x 24m
recording on pixels on serial
parallel HOOR HOOR

Swath width
Narrow (Hi-Res) 17 km 23 kmIWide (Lo-Res) 63 km 45 km

Pixel size Along track/ Along track/
cross track cross trackIHI-Res 4 x 4.m Not used

Lo-Res 5.2 x 16m 12 x 12m or 24 x 24.IDownlink 4 bits 4 bits

Azimuth Looks 7 7

Lo-Res 16 x 16. or 12 x 12m or

32 x32m 24 x24m

fr

!7 ;4 00- -V

Figure 2. STAR-2 Extensively "Sea-Truthed" High-Resolution Imagery. Letters A Through C
Correspond to the Seven Open Water and Sea Ice Types Found Within This Test Area.
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KI o ALrme Min.Value Ma Vluerince mai L StandArd Deviation

A 6 41 14178 1471 806527 S86 I
B 1 9 9604 488 146850 383

C 4 19 10969 804 443262 608

D 1 4 1024 190 11840 109

E 1 4 729 124 3717 61

F 10 14 266 67 543 23

G 2 7 196 62 337 1 I

A • 50-0% Multiyear lce In Consolidated First-Year Ice Framework (1-3 cm snow)

B • 30-40% Multiyear ice with Rubble in Loose Frst Yaw ice Framework (some open water)

C • First-Year ke with Rubble (.60-1.5 m thick)

D * First-Year Ice (20.40 cn thick)

E - New Ice (5-8 cn thick)

F - Open Water

G - Open Waler with Grease Ice Streamers

Table 2. MIZEX '87 SAR Clutter Statistics -- Averaged Values for Similar Areas I
6 April - Mission 15

35.-I

30~

- 25-

*Ua Meam Value

1510 1
A a C D E F G

Ice Type

Figure 3. SAR Mean Backscatter at 40" Incident Angle for Sea Ice and Open Water I

-ScItemmen-r SARS~I
keTo 1 5 10 Is 35 10

SIce Twp.

MY 13 17 20 25 25 20

FY 16 9 11 15 12 11

FYR NA 6 7 1 10 4.7

New NA 3 3 3 3 3I

MY. 60- 60% MAi-iYewI Ce I Consoled First-Year lee Frammm (1-3 an snow)

FYR. First-Yew Iee IN (2040 CM tiit
New . New lee (5-6 cm tick)

NA - Not Availale

Table 3. Scatterometer and SAR Values at 400 Incident Angle for Four Categories of Sea Ice I
Referenced to Open Water
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ABSTRACT ice features and physical properties to be
correlated and studied in detail. Microwave

A comprehensive data set consisting of L-. signature studies exter(ed from 500 MIhz to 100
C-. and X-band polarimetric synthetic aperture Gliz, include complete polarization diversification
radar (SAR) and P-, L-, C-, Ku-, Ka-, and W-band (i.e. VV, V11, IIV, III), vith complex data
scatterometer measurements were collected during (magnitude and phase) collected at selected
the Seasonal Ice Zone Experiment (SIZEX) portion frequencies (i.e. fully polarimetric data at 1, 2,
of the Coordinated Eastern Arctic Experiment 5, 9. 10, and 35 Ghlz). System parameters for the
(CEAREX). The scatterometer data was obtained polarimetric SAR and scatterometer systems are
from rail-mounted instruments on the ice provided in Tables I and 2, respectively. It
strengthened research vessel POLARBJORN. should also be noted tlht synoptic satellite data
Coincident with the aircraft SAR and ship-based products from NOAA 9/1I1, Df.ISP(SSMII) and MOS-1
scatterometer measurements were in situ samplings have been obtained for intercomparison and study.
of sea ice and snow cover constrEtT'i-and During March, scientific operations were
physical properties. Ice types encountered during carried out in the Fram Strait area, shown in
the March 1989 exercise included nilas, pancake, Figure 1. Two experimnlt types were conducted. A
first-year ridged ice, second year, and multi- region composed of ice, the ice edge, and ocean
year. The ice thickness varied from less than a and as large as 200 km Y 200 km was imaged using
millimeter to greater than 5 meters. Areas of SAR and so that the operation area of the
open water with varying wind speeds and open water POLARBJORN was included. Eight missions which
with grease ice were also coincidentally imaged by covered areas contained in the region from 760 tl
the SAR and scatterometers. For the first time, to 790 N and 70 W to 10 E were flowu during this
polarimetric SAR and scatterometer data of month using the ERII/NAtC P-3 SAR to simulate ERS-

documented sea ice types were obtained. I (C-VV) every third dih coverage. Supplemental
mosaics were created at L-, and X-barid for support

INTRODUCTION of frequency sensitivity studies. Observations
were made from ship to ktcument in detail ice

The use of remote sensing during CEAREX was sheet microwave and phy;cal properties throughout
considered from both a tool and science this region. At the coTiletion of a each SAR
discipline. As a tool, remote sensing techniques mosaic mission a narrov, !wath transect was ittagaed

and products will be utilized to provide in the polarimetric mode with the purpose to
geophysical information on ice and ice-free ocean complement the SAR mosai( and to provide
processes within the MIZ. Such observations [1-5] additional polarimetric (overage of the most
have been shown to provided data on a wide variety recent ice study sites. This event sequence is
of phenomena such as the detection of eddies, illustrated in Figure 2. In addition, a dedicated
fronts, upwelling areas, internal wave, gravity polarimetric mission was conducted in which star
waves, surface winds, ice thickness, ice patterns consisting of three passes at each of the
concentration, ice kinematics, floe size three SAR frequencies wEre flown with the ship as
distributions, and ice surface roughness. Remote the intersection point. Specifics concerning the

sensing is the only means to obtain mesoscale polarimetric flights as well as the mosaic
synoptic coverage of these phenomena at * missions are provided in Table 3. Polarimetric

sufficiently high spatial resolution. Remote scatterometer measurement sites were observed at

sensing science issues include sensor validation, angles from 200 to 700 and are summarized in Table

algorithm development and utilization of products 4. A summary of the major ice characterization
obtained through remote sensing to solve arctic measurements performed during this investigation
problems. are provided in Table S.

An ice strengthened'ship was utilized during
the eight month CEAREX period as a platform to i:;ULTS
measure active and passive microwave si natures of
snow and various sea ice types from fall freeze-up Very preliminar) results from the
through winter ice growth until early spring. polarimetric scatteroneter measurements are
Microwave signatures studies were developed to described in a companini paper. At the time of
closely coupled to surface observations so that the writing of this papgr, no digital processing

m



had been done with the SAR data collected during
the March phase of the CEAREX investigation. -

Real-time imagery have been assembled into mosaics
and are being used in the planning of future Canal ysis efforts and t he extraction of geophysical PCIC ovinformation about the MIZ.

ACKNOWLEDGEMENTSAU

This investigation was supported by the 
1'ot k~Office of Naval Research (ONR) contract N00014-86-I

C-0469, the ONR Technical Monitors were Mr.Charles A. Luther and Dr. Thomas Curtin. r,.
0  * ',.

REFERENCES 'I.3

1. 0.M. Johannessen et al., "Ice-Eg disi
the Fram Strait Marginal Ice Zone", SCIENCE,
Vol 236, pp. 427-429, April 1987.

2. R.A. Shuchman, et al., "Remote Sensing of Figure 2. CEARLX ISAP Dola Colleclion Diogci~on
the Fram Strait Marginal Ice Zone", SCIENCE,
Vol 236, pp. 429-431, April 1987.

3. T.O. Manley, R.A. Shuchman, B.A. Burns, "Use3
of Synthetic Aperture Radar-Derived
Kinematics in Mapping Mesoscale Ocean ')ibo 1P3 ;A SyrIe'rl Sp'-Citcat'or's;Structure Within the Interior Marginal Ice
Zonell, Journal of Geophysical Research, Vol 9 L-92, No. C7, pp. 6837-6842, June 1987. WaUCC 2 Col. 24 CmC..

4. T.O. Manley, et al., "Mesocale Oceanographic FiOaCk .nsol,c 937501'IS ISfl&l 7GIAOI~

Pr~jcess Beneath the Ice of Frau Strait, Amw NoeFx I d MsdSCIENCE, Vol 236, pp.432-434, April 1987. Syln Lse Icm SOdS7

5. W.J. Campbell et al., "Variations of dU~riarnoiwIed Ptose NOf, 4 0 .s'v 4O"%p40'c-I
Mesoscale and Larch-Scale Ice Morphology in Mankmn Cooo~ond Speed 350 Knots 35O Kolom 310oIlmts

the 1984 Marginal Ice Zone Experiment as Anena Azmmnoi Banowu, 121' lo'(v~s (4 22IObserved by Microwave Remote Sensing", A~U~nfenom A ,UwdlBaVod, crcls 4, c
Journal of Geophysical Research, Vol 92, No. p8IWo3ISO,10 IIsolaboP ?dO 23dD 2DO
C7, pp. 6805-6824, June 1987.

1N.eee ---

~' cI* ,COORDINATED EASTERN ARCTIC EXPERIME11!T

.~ 'N.ACTIVE MICROWAVE MEASUREMENT PROGRAM

9""'"', .-. , 1C. C.. VS on H

S9" LC.- 77

~MAI swe

Figure 1. Operation Area



Table 3. SAR Flights in Support ol SIZEXICEAREX
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Table 4. Ship-Based Polairlmetlic Scatlerrometer
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18 Mar 1935 Multiyear Ice Floe

19 Mar 0000 Open Water-Ice Growth Evolution

19 mar 1000 Young First-Year Ice Floe
(T -50 CM)

Frost Flower Coverage

19 Mar 2230 Grey White First-Year Ice
(T . 3Scm)

20 Mar 0830 Large Thick Mutviyear Ice
20 Mar 1950 OPe" Water321 Mar 1150 Multiyear Ice
21 Mar 1850 Open Water

22 Mar 1330 Open WaterI23 Mar 1400 Multiyear Ice
24 Mar 1030 Open Water

24 Mar 2200 First-Year Ice (T - 1 .6 m)

26 Mar 1200 Muttiyear Ice
27 Mar 1230 Open Water38 Mar 1150 MultiyearlIce
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TEXTURAL ANALYSIS AS A SAR CLASSIFICATION TOOL

I Barbara A. Burns and David R. Lyzenga, Environmental ResearchI"Institute of Michigan, Ann Arbor, Michigan 48107
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3 1. INTRODUCTION

Textural patterns are a key element used by image interpreters, in con-
junction with image tone and context, to characterize components in a scene.
These patterns result from surface structures with features spaced too close
together to be individually discerned. The perceived texture is visible in
the image as the spatial frequency of tonal changes in an area due to an
aggregate of unit features (Ray, 1960). In radar images, these tonal changes
represent changes in backscatter cross section which, for example, may corre-
spond to topographic variations, as in a drainage network or drulin field,
reflection coefficient variations, as on the surface of a ponded multi-year

ice floe, or roughness variations, as in a vegetation canopy. The perception
of texture is also highly dependent on the resolution of the imagery. When
the size of the resolution cell approximates the size of the unit feature or
when it encompasses the entire texture region, tonal properties dominate the
image. As more unit features become distinguishable, textural properties
dominate (Haralick, 1979).

The aim of textural analysis is to describe in quantitative terms the
local properties of the unit features making up a texture, and the spatial
relationship between them. The unit features, referred to as tonal primi-
tives, may be specified with local properties such as average gray level,
shape, size, etc., and their interdependence described as probabilistic or
functional or in terms of structural elements (Haralick, 1979). The desired
end product of textural analysis is a set of texture measures (a feature vec-
tor) that captures both the tonal and spatial characteristics of each textural
pattern in the scene. These feature vectors can then be used either alone or
in conjunction with image tone vectors in multivariate image segmentation
algorithms. The added dimensionality allowed by using textural features is
especially important to the "single-band" imagery typically collected by radar
systems.

A useful working definition for texture is a basic local quasi-homogeneous
U pattern (tonal primitive) whose spatial distribution over some image region

is periodic, quasi-periodic, or probabilistic (Modestino, et al., 1981;
Faugeras and Pratt, 1980). This definition leads naturally to a statistical
parameterization of texture, which is particularly suitable to natural tex-
tures appearing in remote sensing imagery. The major statistical approaches
to quantifying texture are based on second-moment properties, edge density,
spatial similarity, spatial gray-level co-occurrence probabilities, gray-level
run lengths, and two-dimensional autoregressive models (Modestino, et al.,
1981; Harallck, 1979). These approaches differ primarily in which aspect of
texture they describe: statistical descriptions of the tonal primitive's

Ele[Ictramagnetia 4:30-322,1984 309S~Copyright 0 1984 by Hornilphee Publishing Corporation

I
I



310 B. A. BURNS AND D. R. LYZENGA

local properties, statistical descriptions of their global spatial organiza-I
tion, or structural descriptions of the local primitives and their spatial
relationship. Most techniques emphasize one aspect only and assume that the
texture can be uniquely described by it.

In light of the definition given above, it is clear that coherent speckle
can be a significant component of a texture when the size of the tonal primi-
tives is on the order of the radar resolution. Coherent speckle is a funda- -
mental property of any coherent imaging system such as SAR that is strongly U
influenced by interference effects between scattering centers within each
resolution element. Speckle causes the image intensity (tone) to fluctuate
widely from pixel to pixel even if the surface is uniform in a statistical or
geophysical sense. The statistical characteristics of speckle are well known I
and have been studied both theoretically (e.g., Goodman, 1976) and empirically
(e.g., Lee, 1981). It appears reasonable then that use of statistical methods
of quantifying texture in SAR imagery should most easily allow coherent spec-
kle to be accounted for.

This paper reviews the application of a variety of texture algorithms to
synthetic aperture radar (SAR) data, discusses the problems that arise in
applying these algorithms due to the presence of coherent speckle, and pre-
sents an example of SAR image segmentation using an algorithm which does
account for speckle.

2. TEXTURE ANALYSIS OF SAR IMAGERY 5
Texture algorithms have been used to classify or segment scenes from SAR

imagery of a wide variety-of terrains. These have included areas with litho-
logic and topographic variations, agricultural areas, and sea ice. Few of I
the applications have addressed the presence of speckle or its effect on the
derived texture measures. The approaches taken to quantify texture have also
varied, although little work has been done to determine the optimum technique
for a given application. Some theoretical and empirical comparisons of dif- I
ferent texture models have been carried out (Conners and Harlow, 1980; Weszka,
et al., 1976; Gerson and Rosenfeld, 1975), but in general the relative success
of a given technique appears to be scene dependent.

The techniques that have been used for classification or segmentation of
SAR imagery include digital Fourier transforms, spatial gray-level co-
occurrence probabilities, statistics of local properties, and autoregressive
models. These techniques have been implemented in two ways. In one the tex-
ture algorithm is applied to the entire image, or to subimages representing I
different perceived textures, to derive a feature vector for each textural
component. The textural features derived from the subimages can then be used
to identify categories in the entire image or in a group of subimages. A
second way is to use textural features calculated on small neighborhoods to U
produce a pixel-by-pixel transformation of the image into a "texture image"

(Haralick, 1975). The advantage of the texture transform is that it preserves
the resolution obtained by the sensor. It can be used to produce thematic or
classification maps, or to generate one or more texture channels to be used I
either alone or with tonal channels as input to a pixel-by-pixel segmentation
algorithm.

The Fourier transform technique measures texture in terms of spatial fre-
quencies and therefore the size of tonal primitives as characterized by gray
level. The higher the spatial frequency, the smaller the tonal primitive and

I
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TEXTURAL ANALYSIS 311

l the finer the texture. Conversely, a coarse texture will have large, slowly

varying, tonal primitives associated with low spatial frequencies.

The textural features derived with this method are based on the power
spectrum of the sanple image

O(u, v) - F9 (u, v)* F*(u, v) -IFg(u. v)I2 (1)

Swhere 0 is the sample power spectrum, and Fg is the Fourier transform of
the image. Features are derived using three sampling geometries:

1. Annular ring (frequency band averaged over all directions),
2. Wedge (directional band averaged over a range of frequencies), and
3. Parallel slit (frequency band at a given direction).

Mathematically, annular ring geometry gives a set of feature vector amplitudes
(using polar coordinates)

iw
aj = J. f *(o, 0)0 do do, j m 1 .... ma (2)

0 p.

u2  2 112rwhere e (um + ve)tra tang v/u, and ma - number of annular rings.
Wedge geometry gives

wj = ' (o, a)o do do, j - 1, .... mw (3)

mf fO mi n e

Swhere mw . number of wedges. Slit geometry gives

vmax u ,+A
s (a) f 61u, v) du dv, j w 1 ... ms , (4)

SVmax u

where ms - number of slits, and it is assumed that the u, v plane has been
rotated to a specified direction *.

When used with SAR data, the Fourier transform technique has been applied
to the entire image using separate frequency bands (annular ring geometry) to
segment the different texture regions within the image. Farr (1982) applied
this technique to Seasat and SIR-A data of a heavily vegetated area of Belize
in Central America. Bandpass filtering, followed by an unsurpervised cluster-
ing routine, provided good separation of units with different degrees of
weathering, expressed in the ruggedness of the terrain, lowlands, and to some
extent karst topography. A similar analysis was carried out by Evans and
Stromberg (1983) on SIR-A imagery of a complex terrain in which topographic
textures can be related to underlying lithologic units of interest. In this
case, low-pass filtering was first applied to separate the large-scale bright-
ness variations caused by variations in surface roughness, from the topo-
graphic component of interest. Topographic textures were then parameterized

m
I
l



312 B. A. BURNS AND D. R. LYZENGA

through bandpass filtering and classification maps produced using unsupervised I
clustering and a hybrid parallelepiped and Bayesian classifier, both with and
without surface roughness (tone) data as an added input. The Fourier trans-
form technique has also been used to obtain image components to code a hue- I
saturation-intensity image enhancement transformation (Blom and Daily, 1982).

The spatial gray-level dependence method (SGLDM), as described by
Haralick, et al. (1973), is a more general procedure for extracting textural
properties. Features derived with this method can be related to texture char- I
acteristics of the image such as homogeneity, gray tone, linear dependencies
(linear structure), contrast, and image complexity. Based on the assumption
that texture information is contained in the average spatial relationship
which gray tones in the image have to one another, these features are calcu- m
lated from gray-tone co-occurrence statistics.

More specifically, textural features are derived from estimations of the
second-order joint conditional probability density function calculated on each I
neighborhood or subimage. Following the notation of Conners and Harlow
(1980), let f(g,hld,e) be the probability of going from gray level g to gray
level h, qiven pixel spacing d and direction e, e = 0%, 45 , 90%, 135%, 180"
225°. 270 , 315%. If the distinction between opposite directions can be ig- I
nored (i.e., 0* is the same as 180°), these functions can be written in the
form of symmetric co-occurrence matrices of size NG x NG, where NG =
number of gray levels:

So(d) = [f(g,hld,O')] (5) i

S4 5 (d) = [f(g,hld,45")] (6) i

S90 (d) - [f(g,hld,90')] (7)

S135 (d) = [f(g,hld,135")] . (8)

Examples of the commonly derived textural features are

NG-I NG-I i
Inertia - E E (g - h) 2 se(g,hld) , (9)

(or Contrast) g=O h=0

NG-1 NG-1G6

Entropy= a se(g,h d) log sa(g,hld) , (10)

g.0 h0O

Uniformity= - • (se(g,hld))2, (11) I
g.O h=O

I
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m- N6"-lZ
Inverse Difference - SNe(ghId)

Moment g + (g - h) 2  and
g.0 h0

Maximum Probability - max se(ghld) , (13)
gh

Swhere se(g,hld) is the (g,h)th element of Se(d). Note that these fea-
tures are derived for specific (d,e). Means and ranges of features obtained
at different (d,e) are also used as representative texture measures.

Shanmugan, et al. (1981) used the spatial gray-level dependence method to
characterize subimages from Seasat imagery representing different densities
and orientations of erosional and stress features. Co-occurrence matrices
were computed for d - 1, 2, 4, and 8, and * - 0, `5, 90% and 135. Mean
values of the four features contrast, uniformity, inverse difference moment,
and maximum probability, averaged over all four directions, were plotted one
against the other in scatter diagrams. Image categories were well separated
in the plots even though the subimages had nearly the same gray-level mean
and variance.

The SGLDM has also been used in a transform mode with both Seasat and
aircraft SAR data. Nuesch (1982) used a textural transform of Seasat imagery
to aid in crop-type classification. Texture feature images representing
average inertia and average entropy were level sliced to obtain fairly good
delineation of soybean field boundaries. Holmes, et al. (1984) used this same
procedure with SAR data of Beaufort Sea ice to obtain a classification map in
which multi-year and first-year ice could be distinguished with 65 percent
accuracy. In both analyses, a non-linear isotropic filtering algorithm was
applied to the data to produce an image representing local mean tone, which
was subtracted from the original image prior to texture analysis.

First-order statistics of local properties such as mean gray level, gray-
level differences, or Euclidean distance, in the case of multi-dimensional
data, are also used as textural features. The probability density function
from which the statistics are derived is calculated over a specified pixel
neighborhood or subimage. Different sizes of neighborhoods can be used to
detect different sizes of tonal primitives.

In the most elementary form, the texture measures used are mean and vari-
ance of gray levels in a neighborhood N of n pixels:

3U lJ) (14)
n EIJ)¢

var. • (I(0,j) - M)2 (15)

n Fa)
(i,j)cN

where I(lj) is the image intensity of the (l,j)th pixel. The histogram of
I(,j) within a neighborhood has also been used as a texture measure.

Local variance has been used to parameterize texture in a Seasat scene of
geologic interest (Blom and Daily, 1982), and an aircraft SAR scene of



314 B. A. BURNS AND D. R. LYZENGA

Beaufort Sea ice (Burns, et al., 1982). In the latter analysis, a variance m
transform produced a classification map more quickly than the SGLDM and with
approximately the same accuracy for the major ice types. In the Seasat study,
a variance image was used as an additional classification channel in conjunc- I
tion with Seasat tone and Landsat single band and band ratio channels in am

discriminant analysis. Classification accuracy of the thirteen rock units of
interest increased 14 percent with the addition of the texture channel.

A more sophisticated form is the gray-level difference method (GLDM)
(Weska, et al., 1976). In this case, statistics are calculated from a differ-
ence image

1 6(ij(i,j) i~)-li+ ai, j + &J)lm

where 6 = (ai,aj) is a specified displacement. For each neighborhood or sub-

image, the gray-level difference density function is estimated m
f(g 6) = P(I 6 (i,j) - g) (16)

where g represents the possible gray level difference values. Texture mea-
sures are then based on the moments of f(ga6) in much the same way as the I
SGLDM. For example:

Contrast - g2 f(gj6) (17)

g=O

N -l I
NG-

Entropy - E f(gla) log f(gla) (18)

N -0

NG-I

Mean- : •g f(gl6) (19) 3
g=O

where NG is the number of possible gray-level differences. Again these
features are derived for one value of 6 only, i.e., one direction and magni- I
tude of displacement. Several features calculated for orthogonal directions
and one or more displacement magnitudes are required to form a descriptive
textural feature vector. U

The GLDM was applied to Seasat imagery of volcanic units in Iceland by
Kasischke, -et al. (1983) in a texture transform mode. Contrast and entropy
feature images were level sliced to obtain thematic maps of the scene which,
when compared to geologic maps of the area, showed some degree of correlation
between major lithologic units and textural measures. In this analysis, the
Seasat data were median filtered to reduce the effect of coherent speckle
prior to performing the texture transform.

Autoregressive models have not been used extensively with SAR data and I
will be briefly mentioned here only for completeness. In general, autoregres-
sive models describe the linear dependence of one pixel or group of pixels on I

I
I

I


